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ABSTRACT

A study was performed to examine the applicability of path-independent

(P-I) integrals to crack growth problems in hot section components of gas

turbine aircraft engines. The Alloy 718 was used in this study, and the

experimental parameters included combined temperature and strain cycling,

thermal gradients, elastic-plastic strain levels, and mean strains. A

literature review was conducted of proposed P-I integrals, and those capable

of analyzing hot section component problems were selected and programmed into

the post-processor of a finite element code. Detailed elastic-plastic finite

element analyses were conducted to simulate crack growth and crack closure of

the test specimen, and to evaluate the P-I integrals. It was shown that the

selected P-I integrals are very effective for predicting crack growth for

isothermal conditions.

KEY WORDS
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Thermomechanical fatigue, Elastic-plastic finite element method, Crack
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1.0 INTRODUCTION

Critical gas turbine engine hot section components such as blades,

vanes, and combustor liners tend to develop minute cracks during the early

stages of operation. These cracks may then grow under conditions of fatigue

and creep to critical size. Current methods of predicting growth rates or

critical crack sizes are inadequate, which leaves only two extreme courses of

action. The first is to take an optimistic view with the attendant risk of

an excessive number of service failures. The second is to take a pessimistic

view and accept an excessive number of "rejections for cause" at considerable

expense in parts and downtime. Clearly it is very desirable to develop

reliable methods of predicting crack growth rates and critical crack sizes.

To develop such methods, it is desirable to relate the processes that

control crack growth in the immediate vicinity of the crack tip to parameters

that can be calculated from the remote field data, such as stresses and

isplacements. The most likely parameters appear to be certain

path-independent (P-I) integrals, several of which have already been proposed

for application to inelastic problems involving nonuniform temperature

distribution. A thorough analytical and experimental evaluation of these

parameters needs to be made under conditions including elevated temperature

cyclic and thermomechanical fatigue loading, both with and without thermal

gradients.

The purpose of this investigation was to investigate the ability of

currently available P-I integrals to correlate fatigue crack propagation

under conditions that simulate the turbojet engine combustor liner

environment. This was accomplished through a multi-year, combined

experimental and analytical program.

Rice's J-integral(I) has received much attention among researchers

since its introduction to fracture mechanics. It is a measure of severity of

the deformation field at the crack tip and has proven to be a viable

parameter for prediction of crack initiation and growth under monotonic



tensile loading in the nonlinear regime. The path-independence of the

J-integral is valid only within the deformation theory of plasticity. Hence,
it cannot be defined for unloading after plastic deformation; however some

workers have used operational definitions of AJ to correlate crack growth
data under cyclic loading(2). The J-integral is not path-independent in the

presence of a temperature gradient or material inhomogeneity.

Amongthe newly proposed P-I integrals which can consider cyclic and
non-isothermal loadings are the Blackburn(3), Kishimoto(4), and Atluri(5)

integrals. The utility of these P-I integrals for fatigue crack growth

analysis under large cyclic plasticity was investigated by performing

elastic-plastic finite element analysis of a single edge notch (SEN)
specimen. Gapelements were used to predict the occurrence of crack closure

and opening under cyclic loading conditions. A post-processor was developed

to compute the P-I integrals from the results of finite element analyses.

The P-I integrals were computedat the loading steps in the fatigue cycles in
the analyses. The computed results of the P-I integrals were used to

correlate the experimental crack growth data.

Alloy 718, a nickel-base superalloy, was selected as the analog

material to simulate a combustor liner material. Experiments were performed

to determine the monotonic and cyclic constitutive response of this material

over the temperature range from 427 to 649°C (800 to 1200°F). Fatigue crack

growth experiments under isothermal, temperature gradient, and thermal

mechanical conditions were performed over this sametemperature range. These

tests were performed on buttonhead SENspecimens and a modified compact
specimengeometries under elastic-plastic displacement control conditions.

Most of the tests were performed using the SENgeometry. It was shownthat

linear elastic fracture mechanics could not adequately model the fatigue

crack growth behavior for elastic-plastic cycling. The trends observed for

isothermal conditions with strain range and temperature were very similar to

those observed for the temperature gradient and TMFcrack growth tests. This

indicates that if P-I integrals can model isothermal conditions, then they



also may be able to predict the growth of cracks for non-isothermal loading
conditions.

Experimental data and finite element analyses of the entire SEN

specimen has shownthat the deformation within the gage section can be
modeled using a two-dimensional analysis of the gage section with a linear

variation of axial displacements across the end of the gage section. The
crack growth experiments were performed with three extensometers two to

experimentally establish the remote displacement gradient and a crack mouth

opening displacement (CMOD)gage. The remote displacements gradient was used

as the boundary conditions for simulations of the 538°C (IO00°F) crack growth

tests. There was excellent agreementbetween the analytically and
experimentally determined load, CMOD,and occurrence of crack closure. It

was shownthat the elastic and elastic-plastic crack growth behavior can be

predicted using several of the P-I integrals over a range of crack lengths
and cyclic plasticity.

It is noted that the detailed finite element analysis simulating the

crack growth and crack closure behavior was performed only for the isothermal

conditions. Therefore, the ability of the P-I integrals studied here still

remains to be investigated for other situations. Also, the geometry
dependenceof the ability of the P-I integrals as nonlinear fracture

parameters was not addressed in this report. These subjects are currently

under investigation in a separate study(6).
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2.0 REVIEW OF PATH-INDEPENDENT INTEGRALS

2.1 Review of P-I Inteqrals

As a parameter for predicting crack growth in the elastic-plastic

regime, the utility of the J-integral is limited. The theoretical basis of

the J-integral does not allow the extension of its usage to nonproportional

loading and unloading in the plastic regime, nor can it be used in the

presence of a temperature gradient and material inhomogeneity. A typical

example where all these limiting factors are operative would be the hot

section components of a gas turbine in mission cycles.

In recent years there has been considerable effort to modify or

reformulate the P-I integral. Consequently, a number of new P-I integrals

have emerged. These include the J*-integral of Blackburn(3), the J-integral

of Kishimoto, et. al.(4), the JB-integral of Ainsworth, et. al.(10), the

ATp*- and ATp-integrals of Atluri, et. al.(5), and two thermoelastic P-I

integrals, Jw of Wilson and yu(8), and JG by Gurtin(9). These P-I integrals

have been critically reviewed in this program. In this report, only a brief

synopsis of the review is presented. A detailed discussion of the available

P-I integrals is given as a result of the review performed during the present

investigation and was reported elsewhere(7). The theoretical background has

been examined with particular attention to whether or not the

path-independence is maintained in the presence of (I) nonproportional

loading, (2) unloading in the plastic regime, and (3) a temperature gradient

and material inhomogeneity. The relation among the P-I integrals, salient

features, and limitations were investigated. The physical meaning, the

possibility of experimental measurement, and the computational base were also

examined. The summary of the review is presented in Table 1. In view of the

requirements associated with performing crack growth analysis tasks in this

program, the following conclusions were made:
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The J*, J, ATp, and ATp* integrals maintain path-independence

under the thermomechanical cycles used in tests in this program.

Although the physical meaning of these P-I integrals needs to be

pursued Further, they were selected for continued evaluation in

this program.

The J, Jw, JG, and Je integrals have limited capabilities. The Jw

and JG integrals are usable only for thermoelastic cases with

homogeneous material properties. These integrals may be helpful

in predicting crack growth in a small temperature gradient field

and under small-scale yielding conditions. The JB integral is a

modified version of J (modified to include the thermal strain).

Thus, it cannot be used with substantially nonproportional loading

and unloading in the plastic regime. However, it would be

worthwhile to investigate the utility of operationally defined AJ

and possibly AJB for the test cycles in this program, if the

selected four P-I integrals are not useful.

The P-I integrals reviewed in this program are shown here.

notation was used. The common variables are:

aij = stress tensor

(ij = strain tensor

ui = displacement vector

ti = traction vector

B = relative temperature

e = thermal expansion coefficients

#,_ = Lame's constants

The index

Figure I shows the integration paths and areas used in the following P-I

integrals:
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Rice's J-Integral (I)

J = fp(niW o tiui,1) ds

f(ijwhere W= _i:d(i:jj0

Wilson and Yu's Thermoelastic Integral (8)

(2.1)

JW = _p(nIW

where W : aij(ij/2

Gurtin's Thermoelastic Integral (9)

tiui,1)ds - e(3A+2#)fA{(e(ii),I/2 - EiiS, 1} dA

JG = _p{nIW - tkUk, 1

_2(3_+2_)2 e_(3A+2_) du d8
- -2(_+_) B2nl + (_+#) (B _-_1 uI _-_)}ds

where _n = nj d_j

and W = #(ij(ij + X((kk)2/2

Ainsworth, et.al. Je-lntegral(10)

Je : _p(nIW- tiui,1 )ds + _A aij(ij'1 dA

(I

where W((' _ ij a 'ij) = ijd_ ij
0

_ (B.
and _'ij = (ij lj

(2.2)

(2.3)

(2.4)



B1ackburn's j*_integral(3)

J : .. (°ijui,j/2 dx2
tiui,l)ds + fA(Oijui,j/2-aij,lUi,j/2)dA

Kishimoto, Aoki, and Sakata j-lntegral (4)

(2.5)

J = - f_+_c tiui,lds +fA

Atiuri, et. al. AT-Integrals (5)

aij_ij,ldA (2.6)

aTp

=f_+pc{nl 6W " (ti+Ati)aui, ! 6tiui, I} ds

+ fA {AaiJ((ij,I+A(iJ,I/2) - 6(ij(aij + A°ij,i/2)} dA

ATp : f_+r_c {nl_ W _ (ti+_ti)Aui, I _ Atiui,I ) ds

+ fAs-A_ (aij'1+Aajj'I/2)a(ij - ((ij, 1+a(ij, i/2)_aij} dA

where AW = (oij + _aij/2 )

As = the total area

and Ap- the area in P.

(2.7)

(2.e)
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2.2 Numerical Implementation of P-I Inteqrals

As part of the contract, a postprocessor of finite element analyses for

calculating the P-I integrals was developed for use in subsequent tasks of

the contract. This section discusses the computational algorithms used in

the postprocessor and gives some numerical results for isothermal and linear

temperature gradient cases.

2.2.1 P-I Integral Computational Algorithm

Computational algorithms have been developed for numerically

implementing various P-I integrals under consideration in the current work.

These postprocessor numerical algorithms assume that an accurate inelastic

solution is available by using a finite-element model of a specimen geometry

containing a crack. In the present work, the two-dimensional (2D) finite

element computer code CYANIDE(It), which is a GEAE program, is used for

inelastic stress analysis. The CYANIDE program uses the incremental theory

of plasticity and accounts for both time-independent plastic flow

(plasticity) and time-dependent plastic flow (creep). It uses linearly

varying displacements in each triangular element of a model, resulting in

constant strains over each element.

A flow chart of the postprocessor P-I integrals computational program

is shown in Figure 2. Notice that the Jointegral and the Je-integral are

also included in the flow chart, although they were not selected for further

evaluation in Section 2.1. The output files from the CYANIDE solution for

element stresses and strains, nodal displacements, nodal coordinates, and

nodal connectivity for each element are read and stored by the postprocessor

program. Paths of integration surrounding the crack tip are chosen so that

they consist of sides of the triangular elements. The paths are specified by

the user in a subroutine of the program. For each line segment along the

integration path, the unit normal vector and its Cartesian components are

computed. The quantities, such as aij, W, and ui, j, that appear in the

integrand of P-I integrals are interpolated at the midpoint of the path

11
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Figure 2: Flow Chart of Postprocessor for Path-lndependent Integral

Computations.
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segment by taking weighted averages of those for the elements containing the

segment.

The displacement derivatives for an element are accurately computed

from displacement components and coordinates of its vertices (nodes) by using

the equations gotten from the shape functions. The shape functions for

linear variation of displacements in a triangular element are given by

u(x,y) : ao + alx +a2Y

v(x,y) : bo + blx +b2Y

(2.9)

The displacement derivatives for the element are shown to be

d__uu_ uI(Y2-Y3) + u2(Y3-Yl) + u3(YI-Y2)
dx - (2.10)

xlY 2 + x2Y 3 + x3Y 1 - x2Y ! - x3Y 2 - xlY 3

and

dv vI(Y2-Y3) + v2(Y3"Yl) + v3(Yl-Y2)

xlY 2 + x2Y 3 + x3Y 1 - x2Y ! - x3Y 2 xlY 3

where the subscripts 1, 2, and 3 represent nodal values at the element

vertices. Similar relationships are used for derivatives of element

stresses. The stresses at a vertex in the calculations are the weighted

average of the element stresses containing the vertex.

(2.11)

2.2.2. Computation of P-I Integrals

To test the implementing of the postprocessor computer program, the P-I

integrals were computed for a standard ASTM compact specimen. The geometry

of this specimen and the finite element mesh used to model half of the

specimen are shown in Figure 3. The model consists of 429 nodes and 782

triangular elements. Dimensions chosen in the study for the width (b) and

the crack length (a) are 50.8 and 25.4 mm (2 and ! inch), respectively. The

13



h = 0.6b
h 1 = 0.275b

D = 0.25b
d = 0.25b

B = O.5b

B: Thickness

b = 50.8 mm

a = B = 25.4 mm

Limit Load (Po)
=23.19 KN

\\\\\\\\\k\
\k\\\\\\\\\

Figure 3: Geometry of an ASTM Standard Compact Tension Specimen and its

Finite Element Model.
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detailed mesh refinement near the crack tip is shown in Figure 4. There are

12 elements, each subtending a 15 ° angle and joining at a single vertex point

to form the crack tip. Near crack tip mesh refinement, having radial and

tangential lines emanating from the crack tip, provides much greater solution

accuracy in comparison to models with a uniform distribution of elements in

the crack plane.

For elastoplastic analysis, the following Ramberg-Osgood type

stress-strain behavior of material was used:

with

( : (o/E) + e(o(O/Oo) n

E : 206.9 GPa (30 x 106 psi)

e : 1.0

(o : 0.001

oo = 206.9 MPa (30 ksi)

n = 5

and P = 0.3

The plane stress state of deformation was assumed. Applied load (P) of

the compact specimen was increased in steps so that P/Po = 0.25, 0.50, 0.75,

and 1.0 where Po is the limit load calculated according to Kumar, et.

al.(12).

J-integral results for the four load steps are shown in Figure 5 for

each integration path. Integration paths are circular line segments

surrounding the crack tip as shown in Figure 4. It can be seen in Figure 5

that for lower values of applied load (P/Po = 0.25 and 0.50),

path-independence is preserved for all paths represented in terms of

distances from the crack tip. However, for higher values of load, the

J-integral is path-independent for the paths that are away from the crack

tip. For paths very close to the crack tip, path-independence was not

achieved, perhaps due to nonproportional loading effects or inaccuracies of

the field data in close proximity to the crack tip.

15
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Figure 4: Near Crack-Tip Mesh Refinement and Circular Paths for the

Compact Tension Specimen.
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The variation of J* and _ with the paths are shown in Figures 6 and 7,

respectively. It is seen in these figures that the path-independence is

maintained to a greater degree for the lower values of applied load. The

contribution of line and area integrals is shown in Figure 8. Notice that

the relative contribution of the area integral is small for J*, but is quite

significant for _.

The Atluri incremental P-I integrals, ATp and ATp*, were computed for

loading to the limit load and unloading to zero load. Figure 9 shows the

variation of applied load with load line displacement for this evaluation.

For each of the eight incremental load steps, the integrals ATp and ATp* were

computed and then summed to find the total integrals (Tp = _ATp and Tp* =

_ATp*) at each value of applied load. Figures 10 and 11 show the Tp and Tp*

integrals as functions of distance from the crack tip. Notice that a uniform

degree of path-independence is maintained for the four loading steps (1 to 4)

up to the specimen limit load. However, for the unloading steps (5 to 8),

the path-independence was not as good.

In addition to compact specimen analyses, an elastic-plastic analysis

was made on a single edge notch specimen somewhat longer than used to model

the experiments in this investigation (Figure 100). The finite element model

was subjected to a temperature gradient of 649 to 538°C (1200 to 1000°F) from

left to right. The stress-strain curves at these temperatures are shown in

Figure 12. The computed P-I integrals are plotted in Figure 13. As

expected, the J-integral was path-dependent while the other integrals were

nearly path-independent.

In summary, these results show that the finite element postprocessor is

working satisfactorily. More detailed presentation of the numerical data in

this evaluation has been previously reported(13,14).

18



I=

.Ic

0

................................................................................................................P/Po .............

!

t

/
/
I

/
w_

/"

._-o-o---o----o ..... 4m-...... _ ........ 4 ............ 4_- .............. e. ................... • O. 50
0"

--- - -_ - - - - • - -0.25
ww w

i i i i , li

2.5 5.0 7.5 10.0 12.5

DISTANCE FROMCRACKTIP OIml)

Figure 6: Blackburn J*-integral for the Four Load Steps for the Compact

Tension Specimen.

19



P/Po

t_

¢v3

iI

tI

4

h.,4. ,,,4_. 4k,. _ qli_. _-Lt_. _.--4b==,- _ _4mh _ •.-t. -,_

a'

b ......... -i O. 75

We. -0..•- 0......................................................................•- o • e, * e, @ .e 0..50

i , i I I

0 2.5 5.0 7.5 10.0

DISTANCE FROM CRACK TIP (mm}

0.25

, I J

12.5

Figure 7: Kishimoto _-integral

Tension Specimen.

for the Four Load Steps for the Compact

20



O

E

Z
v

,--j

¢D

Figure 8:

•! Topaz Integral (_)

Line Integral (...... )

Area Incqrai (--'--)

I I I , I ,

0.2 0.4 0.6 0.8 1.0

P/Po

0

(a)

0.2 0.4

P/Po

(b)

Comparison of Area and Line Integral Term Contributions to (a)

Blackburn (J*) and (b) Kishimoto (_) Integrals.

21



Z

v

,,J

0

®

Iw

0.5 1.0

LOAD LINE DISPLACEMENT (mm)

L(,-Ic Load Po " 23.19 KN

(P1/Po) - (P7/Po) - 0.Z5

(P2/Po) ,, (P6/Po) ,,0.5

(P)/Po) " (PS/Po) " 0.75

(P41Po) - 1.0

U1 - 0.222 mm

'J2 - 0.468 mm

g3 " 0.781 mm

I_4 . 1.262 mm

U5 " 1.045 mm

U6 " 0.819 mm

U7 - 0.584 mm

U"8 - 0.327 mm

, I
1.5

Figure 9: Load Versus Load Point Displacement for the Compact Tension

Specimen at Various Load Steps.

22



Load $:eps

®

)..4)...0....0 ...... • ........ 0' ........ 4 ............ 4)................ e .................... @ (_)

--__ eO
®

C,J

Q

®

C_

0 2.5 5.0 7.5 I0.0 12.5

DISTANCE FROM CRACK TIP (mm)

Figure 10: Atluri Tp* Integral (- _ATp*) Along Various Integration Paths

for Loading and Unloading Steps.

23



f
I

I
I

Figure 11: Atluri Tp Integral (= ZATp) Along Various Integration Paths for

Loading and Unloading Steps.

24



2OO

160

120

"_ 8O

40

I ! !

J

(649%) : 166.16 GPa

_yp(649°C) 438.51MPa

t E(538°C) 173.06 GPa

I Oyp(538°C) 482.63 MPa

/

4 8

1 ; • ; . a , ; , ; i ; . : , t , : • ;

12 16 20 24 28 32 36 40 44

Strain (Milli m/m)

50

Figure 12: Cyclic Stress-Strain Curves for Linear Thermal Gradient

Problem.

25



E

Z

0

Q_

I

0_

0

Appl I. I I I
:y

,- f -i'- f-f Y_

._yAppl.= 69 MPa (LC I) _ "-
: 138 MPa (LC 2) oad Case 2

/<--Rice

_KI shtmoto
_Alnsworth

//Blackburn,

L
m

l

m

m

m

m

D

el

Atlurl T
P

v

i I

S oad Case 1

m_K---Rlce
_Kishlmoto

Alnsworth

,; Tada (LC I)
X

I I I I

2 3 ¢

Path Number

4

Figure 13: P-I integrals for Thermo-Mechanical Loadings and

Temperature-Dependent Material Properties.

26



3.0 ANALOG MATERIAL

The purpose of the experimental portion of this investigation was to

perform experiments to determine the validity of the selected

path-independent (P-I) integrals. The "analog" material was selected so that

it could be tested at relatively low temperatures while retaining many of the

important characteristics of a combustor liner material. Since significant

thermomechanical testing was to be performed, the selected alloy must display

a range of properties over a significant temperature range. The specific

characteristics evaluated include:

Significant variation in elastic modulus throughout the test

temperature range

Large changes in short-time creep rates throughout the test

temperature range

No metallurgical- or stress-induced phase transformations in the

test temperature range

Thermal conductivity conducive to perform thermal gradient and

thermomechanical fatigue (TMF) tests.

3.1 Material Selection

Nickel-Base Alloy 718 was selected for this program, strengthened by

_". It is metallurgically stable up to temperatures approaching 700°C

(1291°F), and has physical properties (thermal expansion and conductivity)

similar to nickel-base combustor alloys. In this study it was planned to

perform crack growth evaluations over the temperature range from 427°C

(800"F) to 649"C (1200°F). Table 2 shows the range of elastic modulus and

creep properties throughout this temperature range. The modulus varies by

approximately 10%, and the creep rates, estimated by the time to creep 0.2%,

vary by at least four orders of magnitude. Thus, Alloy 718 met the
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Table 2: Variation of Alloy 718 Elastic Modulus and Creep Properties with
Temperature.

427°C 538"C 649°C

(800"F) (IO00"F) (1200"F)

Young's

Modulus

(MPa)

182 175 166

Time to

Creep 0.2%

at 700 MPa

(Hours) 30,000 2

28



requirements for an analog material.

3.2 Material Processinq and Microstructure

Alloy 7]8 plate was procured for use in this program. The plate has a

nominal thickness of 22.2 mm (0.875 inch) and was procured in 13 pieces, each

measuring 381 mm (15 inches) by 406 mm (16 inches). This plate was produced

by Cabot Corporation from heat 2180-1-9836. The ladle composition and

specification for Alloy 718 are compared in Table 3. This composition falls

within the specified limits.

This material was supplied in a mill-annealed condition. The plates

were subsequently solution-treated and aged at the General Electric

Engineering Material Technology Laboratory (EMTL) in a vacuum furnace under

computer control. The plates were solution-treated at 968°C (1775°F) for one

hour at temperature and then cooled to room temperature. They were then aged

for eight hours at 718°C (1325"F), cooled at 56°C/hr (100°F/hr) to 621°C

(1150°F), where they were held for eight hours. Two plates were heat treated

simultaneously. Each heat treatment run was monitored with multiple

thermocouples. In the first run (containing only one plate) the aging time

exceeded the requested time. For this reason, the plate received a second

solution treatment and age cycle. This was not an unusual occurrence.

However, to eliminate any potential effects, this plate was used only for

specimen development. The remaining plates were heat treated successfully.

The microstructure of one of the plates was characterized using optical

metallography during this investigation. Another plate was characterized

during the time-dependent crack growth program(15) and similar

microstructures were observed. On this basis, the types of microstructures

reported here are believed to occur in all of the plates.

Metallographic examination was performed on three faces perpendicular to

the longitudinal, width, and thickness directions. Optical micrographs were
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TABLE3: Composition Of Alloy 718
(Weight Percent)

Plate

Element

C

Mn

Si

S

P

Cr

Fe

Co

Mo

Nb+Ta

Ti

Al

B

Cu

Ni

Specification

0.02-0.08

0.35 Max

0.35 Max

0.015 Max

0.0]5 Max

17.0-21.0

15.0-21.0

I. 0 Max

2.80-3.30

4.75-5.50

0.75-1.15

0.30-0.70

O.006 Max

O.30 Max

50.0-55.0

Ladle
Analysis

0.06

0.17

0.17

0.002

0.006

17.92

18.32

0.10

3.O3

5.11

1.12

0.45

0.002

0.03

53.63
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prepared at three magnifications. At the lowest magnification a montagewas

prepared across the entire specimen, which for two of the specimens was the

plate thickness. There did not appear to be any gradients in microstructure

through the thickness of the plate.

The microstructure of this plate had a duplex grain size with some

large, elongated grains, surrounded by smaller, more equiaxed grains as shown

in Figure 14. The larger grains are most likely warm-worked, but
unrecrystallized, while the small, uniform grains have been recrystallized

during the rolling of the plate. These types of duplex microstructures are

quite commonin cast and wrought nickel-base superalloys. The elongated

shape of the elongated grains was most easily observed in the metallographic

section perpendicular to the width direction of the plate confirming that the

primary rolling direction of the plate corresponded to the longitudinal

direction. Typical microstructures observed on the other two faces are shown

in Figures 15 and 16. The large grains were as large as 0.25 mmin width and

were up to 0.5 mmlong. The small grains had diameters on the order of 0.05
mm.

The evidence of rolling could also be observed in the non-metallic

inclusions present in the Alloy 718 plates. These are melt-related and often

form in clusters. These clusters are elongated and separated during the

rolling of the plates. Figure 17 shows a micrograph of the face

perpendicular to the plate width with an inclusion stringer along the rolling

direction of the plate.

This microstructural evaluation revealed that the microstructure of the

Alloy 718 plates were typical of hot-rolled superalloys.

3.3 Determination of Alloy 718 Constitutive Properties

The purpose of this portion of the testing program was to develop the

Alloy 718 mechanical property data for use in the finite-element calculations

reported in other sections of this report. The tests included tensile,
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Figure 14: Optical Micrograph of Alloy 718 with the Longitudinal

Direction Displayed Horizontally and the Thickness Direction

Displayed Vertically.
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Figure 15: Optical Micrograph of Alloy 718 with

Direction Displayed Horizontally and

Direction Displayed Vertically.

the Longitudinal

the Transverse
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Figure 16: Optical Micrograph of Alloy 718 with

Direction Displayed Horizontally and

Displayed Vertically.

the Transverse

the Thickness Direction
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Figure 17: Optical Micrograph of Alloy 718 Showing the Elongation of the

Banded Inclusions with the Longitudinal Direction Displayed

Horizontally and the Thickness Direction Displayed

Vertically.
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creep, and cyclic tests. The orientation of all these specimens was so that

the tensile axis was parallel to rolling direction of the plate. The fracture

surfaces were in the plane containing the width and thickness directions.

This corresponded to the fracture plane of the crack growth specimens which

will be described in a different section. This plane was selected because it

most likely represents the orientation of maximum toughness and thus would

permit the largest amount of plasticity during the cyclic constitutive and

crack growth tests. This plane is also perpendicular to the axis of the large

elongated grains and thus would diminish the opportunity for the large grains

to influence the test results.

All the specimens had axisymmetric geometries with a nominal diameter of

6.4mm (0.25 inch) and a nominal gage length of 25.4mm (I inch). The monotonic

(tensile/creep) specimens (Figure 18) had threaded grips, while the cyclic

specimens (Figure 19) had buttonhead grips. The buttonhead geometry permits

better load reversal and alignment, especially for compressive loads. All

tests were performed in closed loop equipment under strain control. The

strain was measured using an elevated temperature water cooled extensometer

with a gage length of 12.7 mm (0.5 inch). The data from these tests were

acquired using an ETS data acquisition system that monitors both the

stress-strain hysteresis data at predetermined intervals. The computer

software to analyze this data has been described elsewhere(16).

The tensile and cyclic tests were performed at several strain rates to

evaluate strain rate sensitivity. Based on previous investigations(17,18), it

is not anticipated that Alloy 718 will show extensive strain rate sensitivity

for the conditions used in this program. Table 4 lists the test matrix for

these tests. The tensile tests were conducted at three strain rates. The

cyclic tests were conducted at three strain ranges and two strain rates. The

strain ranges used in the tensile and cyclic tests covered a factor of 25

variations in strain rates. Duplicate creep tests were also performed.
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Figure 18: Drawing of the Test Specimen Used to Evaluate the Tensile

and Creep Properties of Alloy 718.
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Figure 19: Drawing of the Test Specimen Used to Evaluate the Cyclic

Properties of Alloy 718.
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TABLE 4: Constitutive Property Test Matrix

TENSION TESTS (strain rate control)

Temperature

('c)
Strain Rates

( /sec)

21

427

482

538

593

649

0.02

0.10

0.50

CREEP TESTS (load control)

Temperature

('c)

538

593

649

CYCLIC TESTS (strain control, A( :_ ¢0,

Stress Levels

(MPa)

956,1003,1020,1023,1058

920,985,1025,1059,1025,1056

751,761,815,821,956,958

triangular wave shape)

Temperatures

('c)

427

538

593

649

Strain Rates Strain

(%/sec) Ranges

0.02 0.0115

0.0170

0.50 0.0350
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3.3.1 Tensile Properties

The tensile tests were performed in strain control at a predetermined

strain rate. The values of strain rates evaluated were 0.02, 0.10, and 0.50

%/sec. Alloy 718 strains to approximately 10% prior to the onset of specimen

necking. The tests were terminated at a total strain of 8% to eliminate the

possibility of specimen fracture and damage of the elevated temperature

extensometer.

During plastic deformation, Alloy 718, like many other nickel-base

superalloys, exhibits serrated yielding. When serrated yielding occurs,

there is a small, but rapid, increment in strain. For a displacement

controlled test, this results in an elastic unloading of the specimen. The

specimen then reloads back to the desired strain and continues loading until

this event occurs again. As a result of this behavior, the stress-strain

curve is jagged and not the ideally smooth one seen for most materials.

Figure 20 shows the stress data obtained for an Alloy 718 tension test

performed at 427°C (800"F) with a strain rate of 0.02 %/sec. The data below

the maximum stresses resulted from the serrated yielding. Table 5 shows the

plastic strain at which serrated yielding was first observed. The serrated

yielding data show that, in general, increasing strain rate decreases the

plastic strain at which serrated yielding occurs. Serrated yielding was not

observed at room temperature. For the five higher temperatures, increasing

temperature increased the strain value at the onset of serrated yielding.

This conforms to the experience in many nickel-base superalloys where the

occurrence of serrated yielding is most severe at approximately 400"C (750"F)

and diminishes at both lower and higher temperatures.

Serrated yielding behavior would be extremely difficult to treat in the

finite element analysis of the test specimens, so the stress-strain curves

were constructed by ignoring data obtained during the unloading associated

with serrated yielding.
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10.2 %/sec Which Exhibited Extensive Serrated Yielding.
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Test

Specimen

TABLE 5: Summary Of Alloy 718 Tension Tests

Plastic

0.2% Offset Strain

Test Strain Yield at Start of

Temperature Rate Strength Serrated

(°C) (%/sec) (MPa) Yielding

NI-2 21 0.02 1095

NI-17 21 0.10 1087

NI-62 21 0.50 1098

N1-59 427 0.02 956

NI-4 427 0.10 970

NI-20 427 0.10 947

NI-21 427 0.50 955

NI-23 482 0.02 942

NI-57 482 0.10 947

NI-6 482 0.50 951

NI-8 538 0.02 939

NI-26 538 0.10 924

NI-55 538 0.50 922

NI-53 593 0.02 918

NI-I0 593 0.10 926

NI-2g 593 0.50 905

N1-32 649 0.02 908

N1-51 649 0.10 903

N1-12 649 0.50 925

>0.0716

>0.0716

>0.0716

0.0051

0.0040

0.0049

0.0038

0.0072

0.0056

0.0042

0.0148

0.0095

0.0616

0.0205

0.0314

0.0094

>0.0720

0.0285

0.0117
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Table 5 also shows the 0.2% offset yield strengths for each of the

specimens tested. These data show no indication of a strong strain rate

sensitivity. As will be shown later in this section, Alloy 718 showed very

little influence of strain rate sensitivity in the tension or cyclic tests.

There was a considerable decrease in yield strength between room

temperature and 427°C, however between 427 and 649°C the yield strengths

decreased by less than 60 MPa (9 ksi). Figure 21 shows the tensile data

obtained at 5380C where different types of points represent the data for

different strain rates. As with the yield strength data, the tensile flow

curves do not show any significant strain rate sensitivity. As a result, the

stress-strain response of Alloy 718 was modeled using classical plasticity

rather than a unified constitutive approach.

The crack growth specimens were analyzed using a modified version of the

finite element code CYANIDE(II). This code requires that the stress-strain

curve be introduced by listing the end points of linear segments with the

number of segments not to exceed ten. The Alloy 718 stress-strain data

determined during this investigation was fit to a Ramberg-Osgood

relationship:

( = o/E + (a/A)I/n (3.1)

Where ( = total longitudinal strain

o = stress

E = Young's modulus

A,n = material constants

The value of E was determined to be the average of values determined in the

tension tests(16). The values of A and n were then determined by regression

analysis to the form

(p = ( - o/E = (o/A)I/n (3.2)
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Figure 21: Variation of Tension Stress-Strain Response of Alloy 718 at

538"C (IO00"F) for Three Different Strain Rates.
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The endpoints of the linear segmentson the stress-strain curves were

calculated using the appropriate values of E, A, and n in Equation 3.1.

The endpoints were selected to be at predetermined values of strain for

the 538°C tests. Someof the early CYANIDEfinite element results showed

that the elements adjacent to the crack tip required strains in excess of ten
percent. To avoid potential inaccuracies associated with extrapolation of

the multi-segment stress-strain curve, the strain for the tenth point was

selected to be 50%. The ninth value of strain was selected to be 8%, the

terminal strain in the Alloy 718 tension tests. The first value of strain

was selected to have a value so that the plastic strain was approximately
0.01%, on the order of the strain resolution of the extensometry. The

remaining values of strains were selected so that the logarithm of the
plastic strains of the endpoints varied linearly. The samevalues of total

strain were used at all temperatures. The value of plastic strain at the

first point and the logarithmic linear relationship was not exact for

temperatures other than 538°Cdue to the variation of Young's modulus with
temperature.

Figures 22 through 27 showthe tension stress-strain data for Alloy 718

at 21, 427, 482, 538, 593, and 649"C (70, 800, 900, 1000, 1100, and 1200"F),

respectively. Also shown in these figures are the tension stress-strain
curves determined from these data. These curves do not include the final

segments starting with a strain of 8%and ending at 50%. Figure 28 shows the

entire 538°C curve up to a strain of 50%illustrating that this procedure

does not result in a rapid change in slope between the final two segments.

The values determined for a Ramberg-Osgoodstress-strain curve (E, A, and n)

and the endpoints of the multi-linear segment stress-strain curves are listed
in Tables 6 and 7, respectively.

Figure 29 shows the stress strain curves for all test temperatures
evaluated. There is significant difference between the room temperature

curve and those determined for elevated temperature; however, there are

relatively small, but consistent differences in tensile response between 427
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Figure 22: Experimental Data and Multi-linear Curve for the Alloy 718

Tension Tests Performed at 21"C (70"F).
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Figure 23: Experimental Data and Multi-linear Curve for the Alloy 718

Tension Tests Performed at 427"C (800"F).
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Figure 26: Experimental Data and Multi-linear Curve for the Alloy 718

Tension Tests Performed at 593"C (1100"F).
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Table 6: Alloy 718 Tension Stress-Strain Curve Constants

( = o/E + (o/A)(I/n)

Test

Temperature E A

('C) (GPa) (MPa)

21 196.4 1479

427 178.5 1276

482 177.1 1310

538 173.6 1307

593 177.1 1299

0.04828

0.04639

0.05403

0.05537

0.05601

649 162.6 1260 0.05030

53



Table 7: Alloy 718 Tensile Stress Strain Curve Values

Flow Stress (MPa)

Strain 21"C 427"C 482"C 538°C 593°C 649°C

0.0027 530 452 478 469 478 439

0.0041 805 731 723 709 721 666

0.0047 914 824 809 794 801 758

0.0057 1023 906 885 872 870 854

0.0076 1096 961 943 932 926 920

0.0115 1152 1005 993 983 975 970

0.0200 1203 1047 1040 1032 1023 1015

0.0385 1253 1088 1088 1080 1072 1059

0.0800 1304 1130 1137 1131 1122 1104

0.5000 1429 1234 1261 1256 1248 1216
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and 649°C.

3.3.2 Cyclic Properties

The cyclic stress-strain curves were determined in tests performed in

strain control with a AE ratio (alternating strain / mean strain) of infinity

or with a mean strain of zero and a constant strain rate (triangular wave

shape). The strain rates and temperatures used during these tests were

described in Table 4. The three strain ranges for the cyclic tests were

determined based on a single 538"C (IO00"F) test conducted using a constant

strain amplitude block sequence. The test was performed using the A( ratio

and wave shape described above with a strain rate of O.02%/sec. Each block

contained 15 cycles. The strain range in the first block was 0.5%. The

strain range in each subsequent block was increased by 0.5%. The test was

continued until buckling occurred when the strain range was 4%. Figure 30

shows the variations in plastic strain range with total strain range for this

test. Based on these data, the total strain ranges selected for the cyclic

constitutive tests were 1.15%, 1.7%, and 3.5%. This corresponds to plastic

strain ranges of approximately 0.2, 0.7, and 2.4%. The highest strain range

is intended to provide constitutive data which can be used to extrapolate the

cyclic stress-strain behavior to the high strain levels anticipated in the

finite elements near the crack tip.

Table 8 lists the testing condition and cycles to failure for each of

the Alloy 718 cyclic tests performed in this portion of the test program.

The highest strain range, fast strain rate tests performed at 427 and 538°C

failed early in the tests due to the inability of the test machine to follow

the strain during serrated yielding behavior. As expected from the tensile

data shown in Table 5, this was only a problem at the lower temperatures and

the high strain rates.

As expected, the cycles to failure decreased with increasing test

temperature, increasing strain range, and decreasing strain rate. The last

behavior corresponds to a lower test frequency (cycles per unit time). Lower
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Specimen
Number

N3-5
N3-1
N1-33
N1-39
N1-42
N3-10

Table 8: Summary Of Alloy 718

Test Strain

Temperature Strain Rate

(°C) Range (%/sec)

427 0.0115

427 0.0115
427 0.0170

427 0.0170

427 0.0350

427 0.0350

0.02

0.50

0.02

0.50

0.02

0.50

Cyclic Tests

Cycles

to N20 N50 N80
Failure

2228 425 1125 1725

4592 910 2310 3710

1346 260 685 1075

1666 350 850 1350

149 32 64 110

serrated yielding failure

N3-11
NI-43

N3-2

NI-34

N1-46

N3-6

N3-7

NI-40

NI-44

N3-12

NI-35

N3-3

538 0.0115

538 0.0115

538 0.0170

538 0.0170

538 0.0350

538 0.0350

593 0.0115

593 0.0115

593 0.0170

593 0.0170

593 0.0350

593 0.0350

0.02

0.50
0.02

0.50

0.02
0.50

0.02

0.50

0.02

O.50

0.02

0.50

2749 525 1325 2125

3886 760 1960 3110
801 150 400 650

1388 275 700 1100

79 10 40 60

serrated yielding failure

2280 450 1140 1820

2977 600 1500 2375

413 75 200 325

920 ]75 450 725

30 6 16 20

107 20 50 80

N3-4

NI-38

NI-41

N3-8

N3-13

NI-45

649 0.0115 0.02
649 0.0115 0.50

649 0.0170 0.02

649 0.0170 0.50

649 0.0350 0.02

649 0.0350 0.50

1040 205 515 830

2327 475 1175 1850

248 50 125 200
646 130 325 515

40 8 20 33

43 g 20 35

test terminated prior to failure
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test frequency would be expected to diminish fatigue life, particularly at
the higher temperatures, due to the degrading effects of

creep-fatigue-environment interactions.

Figure 31 shows the maximumand minimumstresses measuredduring 538°C

Alloy 718 cyclic tests as a function of the numberof cycles. The results of

tests at different strain rates are represented by different types of
symbols. As reported previously in the literature(17), Alloy 718 experiences

significant cyclic softening early in the tests. This seemsto saturate

until very late in the test when the stresses again rapidly diminish due to

the presence of large cracks in the test specimen. The data in this figure

also show, like in the tension tests, little evidence of significant strain

rate sensitivity. There is no evidence that the lower cycles to failure

observed with lower strain rates was caused by differences in the

constitutive response. Onepossible explanation for this effect is the

strong influence of frequency of the crack growth behavior of Alloy 718 at
temperatures near 650°C(15,19-26). Oneof the plates processed during this

program was purchased for use on another program which documentedthis strong
time-dependent crack growth response in this material(15). The cyclic

softening and very small strain rate sensitivity behavior shown in Figure 31

was observed for all the temperatures and strain ranges evaluated in this

program. This is illustrated in Figures 32 through 35 for the tests performed
at 427, 538, 593, and 649°C.

At each data point shown in the previous four figures, a hysteresis loop
was recorded using the data acquisition system. In order to sample a

significant amount of data, but not be overwhelmed, three hysteresis loops

were used from each test. Based on the cyclic softening behavior, the cycles

used corresponded to approximately 20, 50, and 80 percent of the fatigue

life. Figure 36 shows the data from the six hysteresis loops (two strain

rates by 3 loops/test) for the Alloy 718 tests at 538°Cwith a strain range

of 1.70%. These data are the samespecimens from which the data in Figure 3]
was obtained. There is very little evidence of strain rate sensitivity or

influence cyclic softening or hardening between 20 and 80 percent of the
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fatigue life. This procedure for selecting cyclic hysteresis loops was used

on all the cyclic tests. The exact cycle numberused are reported in Table 8

and are noted by N20, N50, and N80.

The cyclic fatigue curve used as input for the finite element analysis
is the alternating values of stress and strain. The data in each hysteresis

loop was divided into an increasing and a decreasing strain part. The

alternating values of stress and strain were calculated by taking half of

absolute value between a data point and the starting point for that leg
(minimumvalues for increasing strain and maximumvalues for decreasing

strain). For each temperature a total of 36 stress-strain loading patterns

were available (3 strain rates x 2 strain ranges x 3 hysteresis loops/test x

2 legs/loop). Figure 37 shows the variations of alternating stress with

alternating strain for the Alloy 718 cyclic tests performed at 538°C. The

data from the lower two strain ranges are similar, but the data from the 3.5%

strain range tests has a higher stress for a given value of strain. This

type of constitutive response cannot be modeled exactly using a classical

plasticity model. The absenceof strain rate sensitivity indicates that it

would be difficult to model cyclic softening using a unified constitutive
model. It seemslikely that the influence of strain range on the cyclic

stress-strain curves results from variation in the relative amount of cyclic

softening with strain range. Developmentof a softening model for the
CYANIDEfinite element code(11) is beyond the scope of this investigation, so

a classical plasticity model was used to model the constitutive response of

Alloy 718 in this investigation. The data from the tests at the lower two

strain ranges were used to collapse the data to a Ramsberg-Osgood

relationship (Equation 3.1) with the additional restriction that the curve
had to pass through a point selected to represent the highest strain values

measured in the 3.5% strain range tests. The value of E used in these

analyses were identical to the ones determined from the tension tests and

listed in Table 6. The values of E, A, and n for the cyclic stress-strain

curves are listed in Table g. These values were converted to a ten segment

stress strain curve using the samestrain endpoints used in the tensile
stress-strain curves. At low strains, the alternating stress is lower than
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TABLE 9: Alloy 718 Cyclic Stress-Strain Curve Constants

( = olE + (olA)(11 n)

Test

Temperature E A

(°C) (GPa) (MPa)

427 178.5 1717

538 173.6 1877

593 177.1 2271

0.11598

O.15303

0. 19906

649 162.6 1827 0.16723
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the tensile flow stress. The cyclic stress strain curve exhibits higher work

hardening, so that at high strains, the alternating stress exceeds that in

the tension curve. The crossing of the curves occurs beyond the extent of

the cyclic data typically at an alternating strain of 2%. It would be

expected from the observed cyclic softening behavior that the cyclic stress

strain curve could never exceed the monotonic curve. To remedy this

situation, the endpoints used for the cyclic stress-strain curve were always

the lower of either the tensile or cyclic flow stress. In other words, the

cyclic endpoints were used at low strain values and the tension curves were

used at high strain values.

Figures 38 through 41 show the cyclic stress strain data from the tests

performed at 427, 538, 593, and 649°C, respectively. Also shown in these

figures are the multi-linear cyclic stress-strain curves used to model Alloy

718 during finite element analyses of cyclic deformation. The values of the

endpoints are given in Table 10.

Figure 42 shows the multi-linear cyclic stress strain curves for these

four temperatures. The influence of temperature on the cyclic stress strain

curves are much greater than the corresponding tension tests data previously

shown in Figure 29. The relative difference between the cyclic and tension

flow curves increases with increasing temperature as illustrated in Figure 43

for 427 and 649°C.

3.3.3 Creep Tests

The creep tests were performed according to the test matrix shown in

Table 4. These tests have been performed but the data has not yet been

analyzed into a constitutive relationship. As a result, the data will be

shown in the form of strain versus time plots. A single plot will be shown

for each test temperature. The data for tests performed at 538, 593, and

649°C are shown in Figures 44, 45, and 46, respectively.
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TABLE 10:

Strain

Alloy 718 Tensile Stress Strain Curve Values

Flow Stress (MPa)

427°C 538°C 593°C 649°C

0.0027

0.0041

0.0047

0.0057

0.0076

0.0115

0.0200

0.0385

0.0800

0.5000

479 453 435 416

675 605 564 547

729 649 604 585

792 704 658 635

866 777 735 702

952 868 840 790

1047 980 978 900

1088 1080 1072 1029

1130 1131 1122 1104

1234 1256 1248 1216
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4.0 SPECIMEN EVALUATION

This section of the report will describe a combination of analytical

and experimental work on developing the specimens to be used to evaluate P-I

integrals in this investigation. Most of the effort in this program was to

analytically and experimentally evaluate the crack growth behavior of Alloy

718 in a buttonhead single edge notch (SEN) specimen. Some experiments were

also performed using a modified compact specimen so that it could be loaded

into compressive stress/strain states. These particular geometries were

selected to compare stress states with significantly different combinations

of axial and bending stresses. Most of this discussion will be concerned

with the development and characteristics of the buttonhead SEN specimen. The

issues to be addressed in the following sections are:

I. Validity of specimen dimensions for evaluating P-I integrals

2. Development of specimen gage length to avoid buckling

3. Establishment of specimen control conditions for experiments and

boundary conditions for analytical studies.

4.1Buttonhead Sinqle Edqe Notch Specimen

One of the challenges of this program was to design crack growth

specimens that were capable of remote strain (displacement) cycling while

experiencing bulk cyclic plasticity. The specimen should contain a through

crack and have uniform thickness in the gage section so it could be analyzed

using two-dimensional finite element modeling. The primary specimen selected

for this program was the buttonhead single edge notch (SEN) specimen shown in

Figure 47. This specimen has a thickness of 2.54 mm (0.1 inch) and a width

of 10.2 mm (0.4 inch). Pin-loaded SEN specimens with this gage section

geometry have previously been used by GEAE to determine the linear elastic

fracture mechanics crack growth properties of a wide variety of superalloys

over a range from room temperature to gSO°C (1800°F)(27-2g). The

modification of the specimen from pin to buttonhead loading was made to

accommodate cyclic loading with compressive loads. The dimensions of this

PRECEDING PAGE BLANK NOT FILMED
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specimen are sufficiently small to provide a stress/strain intensity for

establishing large plasticity and to permit rapid heating and cooling during

thermo-mechanical fatigue (TMF) cycling.

4.1.1 J-integral Validation

Another consideration in specimen design was the ASTM-recommended

practice for the monotonic J-test requiring that the remaining uncracked

ligament be smaller than 25J/oy where Oy is the yield strength. It was

recognized that for primarily tension cases, such as the SEN specimen, this

criterion may be a poor estimate. Since it was planned to conduct tests for

crack lengths ranging from 0.50 to 3.8 mm (0.02 to 0.15 inch), calculations

were performed to evaluate J, crack mouth opening displacement (6), and crack

tip opening displacement (6t) using the GE/EPRI Plastic Fracture

Handbook(30). The 649"C (1200°F) cyclic stress-strain curve for Alloy 718

was determined from the data in the NASA benchmark Program(31). Using this

information, the parameters 6, 6t, and J, along with JEJ (pseudo-K), were

calculated for crack lengths of 1.27, 2.54, and 3.81 mm (0.05, 0.10, and 0.15

inch, respectively) and strain ranges of 0.8, 1.8, and 2.4%. This evaluation

was performed for zero mean strain cycling (A( = ® ) assuming that the crack

was open only at positive loads, so the values of J, 8, and 6t were

calculated using the alternating stress range. The calculations were

performed for both plane stress and plane strain conditions. The results of

these calculations are summarized in Table 11. For the most severe case

shown in Table 11, (3.8] mm crack length and 2.4% strain range), the ASTM

criteria are exceeded by factors of 6.4 and 3.3 for plane strain and plane

stress conditions, respectively.

For cyclic testing conditions, it may be more appropriate that the

"process zone size" be smaller than the specimen thickness and remaining

ligament. It is generally accepted that the process zone size is on the same

order as 6t. The most severe case listed in Table 11 was 6t values of less

than 0.0127 mm (0.0005 inch). The specimen thickness and remaining ligament

are 200 and 500 times larger than 8t. On this basis, it was anticipated that
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this SEN specimen can be used to evaluate P-I integrals under elasto-plastic

conditions.

4.1.2 SEN Specimen Buckling experiments

A series of SEN specimens were designed with gage lengths of 28.5, 22.2,

and 15.9 mm (1.128, 0.875, and 0.625 inches) to evaluate resistance to

buckling. The specimens were cyclically tested under either load or stroke

control with the mean value of the control variable at zero. The range of

stroke or load was gradually increased until buckling occurred. For the

longest gage length geometry, buckling occurred during a room temperature

test at approximately 758 MPa (110 ksi). Based on elastic buckling analysis,

the gage length was reduced to 22.2 mm. It was estimated that the buckling

stress would be 1206 MPa (175 ksi). A room temperature buckling test failed

at 1225 MPa (177.8 ksi). This stress level is significantly greater than the

yield stress of Alloy 718 so additional tests were performed at 649°C

(1200°F), the highest temperature in this program which also has the lowest

monotonic and cyclic strength level.

Duplicate 649°C buckling tests were performed on SEN specimens with a

22.2 mm gage length and the specimens buckled at stresses of 856 and 850 MPa

(124.3 and 123.3 ksi). This geometry would be marginal for performing tests

with cyclic plastic strain. From elastic buckling analysis, it is estimated

that gage length must be reduced to 15.9 mm to achieve 649°C buckling

stresses of 1206 MPa (175 ksi). Therefore, a crack propagation test was

performed with the 15.9 mm gage length geometry at 64g°c with the largest

strain range (1.7%7 planned for use in this program. A 1.27 mm (0.5 inch)

extensometer was placed in the center of the 10.2 mm wide face of a SEN

specimen with a 0.1 mm deep EDM slot across one side of the 2.5 mm thickness.

The specimen was cycled in strain control with A( of infinity at a strain

rate of 0.02 %/sec. A crack nucleated out of the EDM notch and propagated

across the entire specimen. The hysteresis loop monitored during the test

could be characterized into 3 groups. Very early in the test, perceptible

softening was observed on each cycle as shown in Figure 48a. After some 20
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Figure 48:
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cycles, the softening was not as rapid, and the loops had the classical

appearance shown in Figure 48b. Cusps, indicative of crack closure, started

to form as the crack propagated through the specimen, and the maximum stress

diminished with each successive cycle. An example of this type of loop is

shown in Figure 48c. Visual observation of the crack showed 45 ° shear bands

emanating from the crack tip toward the notched free surface. These were

observed over a wide range of crack lengths, but no remnants could be observed

after completing the test. The fracture surface of this specimen was

extremely flat and showed no evidence of shear lip or crack front tunneling.

Comparison of hysteresis loops from this SEN crack growth test and a

companion axisymmetric specimen (notched) cyclic tests showed that early in

the test both the SEN and axisymmetric specimen tests had nearly identical

hysteresis loops. Figure 49 shows the variation in maximum and minimum stress

with cycle number in the SEN and notched specimen cyclic tests. Early in the

test, when the crack length in the SEN specimen was short, both specimens

showed similar constitutive responses. As the crack length became larger

(after approximately 30 cycles), the minimum stress remained constant but the

maximum stress started to decrease. At the end of the test (Cycle 68), the

maximum stress approached zero. The minimum stress decreased with increasing

crack length because of the displacement control at the center of the gage

length. The minimum stresses for the two types of tests were similar because

the crack closed on itself and both specimens were fully yielded in

compression.

These results strongly suggest that the SEN specimen with a gage length

of 15.9 mm (Figure 47) would be used as the primary specimen in this program.

4.2 Triple extensometer boundary condition test

A triple extensometer test was performed on an Alloy 718 buttonhead SEN

specimen to determine specimen displacements at various locations of the

specimen. These data were used for comparison with finite element analyses.

These results will be used several times in Section 4.3.
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An Alloy 718 SEN specimen was precracked using low elastic loads.

Post-test measurements showed that the crack length was 2.69 mm (0.106 inch).

The specimen was then cycled slowly at room temperature with an A_ of infinity

and a strain range of 2.4%. The specimen displacements were monitored with

three extensometers, one at the center of the gage section (x/W = 0.5), one

traversing the crack mouth (x/W : 0), and one at the back face (x/W : i). All

three extensometers had a gage length of 13.97 mm (0.55 inch) to correspond to

a nodal points in the finite element meshes. The test was controlled using an

extensometer located in the center of the gage section. At the maximum value

of strain (1.2%), all three extensometers had non-linear variation of

displacements with load, indicative of appreciable inelastic strains. Alloy

718 exhibits significant cyclic softening which has also been observed during

cyclic crack growth (Figure 49). Most of the finite element analyses were

performed prior to determining the cyclic stress strain curve of Alloy 718, so

the tension properties were used to predict the behavior of the buttonhead SEN

specimens. The loading on the first cycle should obey the monotonic response

rather than the cyclically softened response.

Figure 50 shows the variation of displacement along the specimen width

with applied load. For both loading and unloading, the normal displacements

vary in an almost linear fashion with distance across the specimen width. The

dashed lines show the extrapolated crack face displacement from the control

and back face extensometers. These data support the use of two extensometers

to determine the linear displacement boundary conditions across the top of the

gage section.

4.3 Specimen analysis

In order to use this linear displacement approach, it was necessary to

examine the distribution of boundary displacements by finite element analyses

for the buttonhead SEN specimen. The results of analyses were also used to

provide guidelines for experimental set-up and data measurement. These

analyses included four different finite element meshes starting with a full

three-dimensional (3D) model which included the specimen buttonhead and ended
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with a two-dimensional (2D) model of just the specimengage section.

All the analyses were performed using the room temperature properties of
Alloy 718. The elasto-plastic analyses were performed using the 21°C (70°F)

tension stress-strain curve of Alloy 718. This approach was taken because

these finite element results were comparedto the load and displacements

measuredduring the first loading cycle which should obey the monotonic

response rather than the cyclic-softened constitutive behavior.

4.3.1 3D SpecimenAnalysis

The first analysis performed was a 3D finite element analysis for the

entire specimen. Figure 51 shows the three-dimensional meshof the

buttonhead specimen consisting of eight-noded isoparametric brick elements.
The model had 1107 nodes and 720 elements. It had a finer mesh in the gage

section relative to the meshsize in the shank and buttonhead regions to

improve the accuracy of the prediction of stresses and displacements in the

more highly stressed gage section. This grid has a gage length (L) of 1.14

mm(0.45 inch). This is slightly longer than the specimen geometry shown in

Figure 47 because the analysis was performed prior to completion of the

buckling tests. The analysis was performed for a single crack length of 2.5

mm(0.10 inch) or a/W = 0.25. This crack length represents an upper bound
for the maximuma/W evaluated analytically in this program.

Elastic analyses were performed using two different ways of applying

prescribed end displacements. In the first case, a constant axial

displacement was applied to the buttonhead, while in the second case,

constant displacement was applied on the top portion of the specimen shank

circumference adjacent to the buttonhead. These two boundary conditions were

used to evaluate the uncertainty in the actual displacements induced by the

laboratory gripping fixtures. By equating the resulting elastic axial

displacement (Uy) at a given node point in the gage section, it was found
that the two end displacement cases have a maximumof 3 percent difference in

stresses and displacements across the width of the gage section. Therefore,
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Figure 51: Buttonhead Specimen 3D Finite Element Model.
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it was concluded that for elastic response the application of constant end

displacement to either the buttonhead or to the shank leads to almost

identical results in the gage section.

Figure 52 shows the elastic axial displacement (Uy) along the gage

section width for different planes parallel to that of the crack (y/L

ratios). These results show that for a constant axial displacement of 0.25

mm (0.01 inch) applied at the shank top of a test specimen, the Uy

displacement varies linearly across the gage section width near the end of

the gage length.

In addition to the normal displacement, the 3D finite element analysis

also shows that the gage section experiences significant lateral displacement

(Ux). Figure 53 shows the deformed shape of the SEN specimen. The

specimen's lateral displacement in the crack plane is of the same order

(0.089 mm or 0.0035 inch) as the crack mouth opening displacement (CMOD).

The lateral deflection is mainly due to the fact that the buttonhead is fixed

against lateral movement and the bending moment due to the presence of the

crack causes the specimen to move laterally in the crack plane where it has

the lowest stiffness.

Some additional 3D elastic-plastic analyses were performed on the

smaller gage section specimen which also confirmed the basic linear nature of

displacement near the end of the gage section. This work which utilized 20

noded brick elements did not have sufficient mesh refinement for accurate

elastic-plastic comparison with the experimental results. In all the 3D

analyses, there was little variation of the stresses through the thickness of

the specimen. Accordingly, 2D analyses could be performed with little loss

in accuracy, but with much finer mesh size and at lower costs relative to the

3D analysis.
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4.3.2 2D Full SpecimenModel

The 2D full specimenmodel is shown in Figure 54. It has 566 nodes and

1002 elements. In the gage length portion all 634 elements have a constant
thickness of 2.54 mm(0.1 inch). The elements in the shank portion of the

specimen had variable thickness depending on their location within the

circular cross-section of the shank. The near crack tip meshsize for the 2D

model is 0.15 mm(0.006 inch), whereas for the 3Dmodel it is 1.27mm(0.05

inch).

Plane stress elasto-plastic analyses were performed for various applied

normal displacements at the shank end. A comparison of the normal

displacement Uy at the end of the gage length (y - 7.11 mmor 0.28 inch)
obtained from 2D and 3D full specimenmodels is shownin Figure 55 for

various values of the applied buttonhead displacement. For lower values of

applied displacement, where the response is essentially elastic, the 2D and

3D analyses agree quite well. As the plasticity spreads from the gage

section into the radius and shank, with increasing buttonhead displacement,

the level of agreementdiminishes. The results of the 2D elasto-plastic

solution are believed to more realistically represent the specimen behavior

for the large plastic strains because the 3D 20-node brick mesh is
significantly coarser than the 2Dmesh in the crack plane region.

Figure 56 shows the good agreement between the predicted displacement

gradient at the end of the gage section and that measured in the triple

extensometer experiment previously described. This analysis also showed that

the use of a linear variation in displacement across the specimen width is a

reasonable approximation. Another way of comparing the CYANIDE predictions

and the experimental results is to compute the load for a given end

displacement, and compare the predictions with the experimental results.

This has been done in Figures 57, 58, and 59 for the mid-width, back surface,

and front surface extensometers, respectively. These comparisons

demonstrate that the behavior of the specimen is well understood and can be

described by the finite element method assuming full constraint at the
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specimen end.

While these results were encouraging, the test specimens were controlled

by the mid-width displacement and not the shank displacement. Therefore, it

was desirable to experimentally measure the displacements in the gage section

to determine the boundary conditions for a refined finite element mesh gage

section model. This would save computational costs and eliminate the need to

determine displacements in the shank of the specimen. Both the experiments

and the analysis showed the displacements varies approximately linearly

across the specimen width at the end of the gage section. Thus the back

surface and mid-width extensometers can be used to completely describe the

displacement boundary conditions in a gage section model.

4.3.3 2D Gage Section Model

As a final verification of this procedure, finite element analyses were

performed on a reduced section model having a crack length of 2.54mm (0.1

inch). The finite element mesh used in these analyses are shown in Figure

60. An analysis was performed assuming the proposed approach of using a

linear displacement variation as determined from the displacements measured

experimentally at the mid-width and back surface locations. A second

analysis was performed using the displacements from the full specimen model

to analyze the gage section model. Pseudo-stress intensity factors were

determined from the J-integral calculated using the P-I integral

post-processor. These results as well as those from the full 2D specimen

analysis are plotted in Figures 61 and 62 as a function of the mid-width

displacement and nominal load, respectively. These results show that the

J-integral results are not sensitive to the analysis scheme. Therefore, the

experimental displacements can be used directly to determine the linear

displacement boundary conditions for the reduced section model. The adequacy

of this approach is demonstrated in Section 7.0 which analyzes the isothermal

data determined in this program.
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5.0 EXPERIMENTAL AND DATA ANALYSIS TECHNIQUES

The purpose of the crack growth tests performed in this program was to

provide data to (I) describe the growth of the cracks and (2) determine

specimen boundary conditions necessary for finite element analyses. The test

matrices were designed to use a single specimen geometry to perform crack

growth tests under net section elastic and elasto-plastic deformation. This

same geometry was to be used for thermal gradient and thermal-mechanical

fatigue (TMF) tests. The primary specimen selected was the buttonhead single

edge notch (SEN) specimen with some additional verification tests performed

using a modified compact specimen.

This portion of the report describes the experimental techniques and

data reduction procedures used to analyze these data. A detailed description

of the experimental results will appear in other sections.

5.1 Test Frequency

One of the considerations in this testing program is whether to conduct

crack propagation tests under strain rate or under frequency control. Table

12 shows the cycle period and rate of cycle accumulation as a function of

strain rate and strain range. For strain range conditions to be used in this

program, the cycle period can vary by a factor of 3.4 which might induce

various amounts of environmental time-dependent crack growth, particularly at

the more elevated temperatures(15,1g-26). It was most desirable to perform

all types of crack growth tests (isothermal, thermal gradient, and TMF) under

nearly identical cycling conditions to avoid difficulties associated with

time-dependent crack growth. The most limiting type of test was the TMF tests

where the specimen size, to a large extent, controls the time necessary to

cool the specimen during each TMF cycle. The time required to cool a

buttonhead specimen was evaluated by instrumenting a specimen with multiple

thermocouples. The specimen was heated with a RF (radio frequency) induction

coil which heated the gage length to temperature variations of less than 3"C

(5"F). The specimen was thermally cycled from 427 to 64g'c (800 to 1200"F) by
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TABLE 12: Variation of Cycle Period and Cycle Accumulation in Strain

Rate Controlled Tests With Strain Rate and Range

Strain Rate

( /sec)

Strain Cycle Period

Range (sec) Cycles/day

0.02

0.0050 50 1,728

0.0115 115 751

0.0170 170 508

0.50

0.0050 2 43,200

0.0115 4.6 18,783

0.0170 6.8 12,706
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turning the RF generator on and off. The temperature variation was almost

linear with time and required approximately 30 seconds to change the

temperature by 220°C (400°F), the largest range to be used in the TMF tests.

Based on this result and previous experience with these types of tests, a

desirable temperature ramp time was selected to be no smaller than 45 seconds

(90 second cycle) so that the temperature would be well controlled and uniform

along the gage length. The test frequency selected for this program was 0.01

Hz (100 seconds/cycle or 864 cycles/day). This results in different strain

rates for different strain ranges, but was judged not to be significant

because of the lack of strain rate sensitivity observed in the Alloy 718

tensile and cyclic constitutive tests.

5.2 Crack Closure

An important part of the crack growth experiments are the detection of

the opening and closing of the crack. A variety of techniques have been used

to measure the closure behavior in cracks. Almost all of those studies were

performed on tests specimens cycled in a nominally elastic fashion. One

common conclusion reached from experimental closure studies is that the

detection of closure is highly dependent on the measurement technique. For

the purpose of this investigation, where large plastic strains will be

experienced over a large section of the specimen gage length, the use of

non-displacement techniques, such as potential drop or acoustic emission, may

experience experimental difficulties or introduce experimental artifacts

during the testing program. Experience with displacement techniques has shown

that the ability to detect the occurrence of crack closure is dependent on

where the displacement is measured relative to the crack tip and on the gage

length of the device. The smaller gage lengths and hence the smaller amount

of bulk material displacement increases the ability to accurately detect crack

closure. For the purpose of this test program, it is not known exactly which

test data was to be used for evaluation of the P-I integrals prior to

conducting the tests. This placed the restriction that the CMOD gage should

be able to operate over a wide variety of crack lengths without frequent

interruption of the test to reposition the gage or to perform other
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instrumentation. This restriction rules out the use of the laser

interferometric gage developed by Sharpe and co-workers(32-34) because of its

limited gage length and necessity to be near the crack tip. The remaining

techniques would monitor the crack mouth opening or measure of the strain on

the back face of the specimen. The CMODapproach was selected because of

experimental ease and uncertainties about the interpretation of back face

strain in a specimen which is experiencing a combination of cyclic plasticity

and significant amount of bending, particularly when the crack has grown to a

large size.

A CMODgage was developed by modifying a standard 12.7 mm(0.5 inch)

elevated temperature extensometer to have a gage length of approximately 0.76

mm(0.03 inch). The reduced gage length was used to improve the sensitivity
to the closure and still be relatively easy to use. The electronics were also

altered resulting in significantly improved resolution relative to the

standard extensometer configuration. This CMODgage extensometer was

calibrated using both differential and high sensitivity micrometers to a

displacement sensitivity of 0.0076 mm/volt (0.0003 inch/volt) which has

sufficient resolution for the subsequent experimental activities. The strain

measuredwith this CMODgage on an uncracked and unnotched SENspecimen was
the sameas that measuredwith the conventional extensometer having a gage

length of 12.7 mm(0.5 inch), more than 16 times larger.

5.3 Buttonhead Sinqle Edqe Notch Specimen

A drawing of the buttonhead SEN specimen was previously shown in Figure

63. The basic test matrix includes tests with a total strain ranges from

0.50% to ].70% with A( of infinity. The 0.50% strain range should result in

nominally elastic cycling while the higher strain ranges should result in

significant cyclic plasticity. The highest strain range for the crack

propagation tests corresponds to the intermediate strain range used to

determine cyclic constitutive properties. All specimens contained a 0.25 mm

(0.01 inch) deep electric discharge machined (EDM) crack starter notch

centered along the gage length traversing the thickness of the gage length.
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The higher strain range tests were performed without a precrack, but some of

the lower temperature, low strain range crack propagation tests were

precracked to have a initial crack length of approximately 0.5 mm (0.02 inch).

The intent of these tests was to provide data to evaluate the P-I integrals at

crack length to specimen width ratios (a/W) not exceeding 0.25. The crack

propagation tests were stopped with a/W ratios between 0.50 and 0.75.

All SEN tests were performed in a strain (displacement) control mode in

order to eliminate the problems associated with load controlled tests

(ratcheting or excessive plasticity). The experimental setup shown

schematically in Figure 63. The specimen displacement was controlled using an

extensometer with a gage length of 12.7 mm (0.5 inch) mounted at the center of

the 10.2 mm wide gage section. The small gage length CMOD gage was positioned

across the mouth of the notch. A third extensometer was required to

experimentally determine the linear displacement boundary conditions for the

finite element analyses. It was positioned on the back face of the specimen

(opposite the notch) so that it would not collide with the other

extensometers. The controlling and back face extensometers had the same gage

lengths and established the linear displacement gradient 6.35 mm (0.25 inch)

above and below the plane of the crack.

5.4 Data Acquisition

The crack length was monitored using a direct current, on-off potential drop

technique used extensively in linear elastic fracture mechanics

characterization of materials with a pin-loaded SEN specimen(27-2g). The

apparatus used was originally developed by Gangloff(35) and adapted to the SEN

geometry by Wilcox and Henry(36). The potential probe spacing was increased

from approximately 0.82 mm (0.032 inch) to 1.6 mm (0.064 inch) so that the

potential probes did not interfere with the CMOD gage. The potential is

averaged over a predescribed number of cycles and converted to crack length

using the potential solution developed by Johnson(37) which considers the

influence of potential probe spacing. A detailed description of the data

analysis procedure is described elsewhere(38). This technique permitted the
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tests to be performed without the requirement for visual monitoring of the

crack length.

These tests were further automated using an ETStest control and data

acquisition system to monitor load and displacements. This equipment was very
similar to that used to measurethe Alloy 718 constitutive properties except
that it was modified to monitor five channels rather than just the two used

during the isothermal constitutive tests. The five channels were used to
monitor the three different types of displacements (control, back face, and

CMOD)and the load on the specimen. The ETSwas also configured so that it
could provide the cycle pulse necessary to trigger the current switching used

in the on-off direct current potential drop system. As in the Alloy 718

constitutive tests, the load-displacement hysteresis loops were recorded at

preselected cycles. That data was stored off on floppy disks for subsequent

data analysis.

5.5 Data Analysis

This section will describe and show examples of the types of data

determined using the potential drop and data acquisition system. The

interpretation of this data will be given in other sections. The data

reductions procedures will be illustrated using data from 538°C (IO00"F) Alloy

718 SEN crack growth tests with a mean strain of zero (A( = ©). These include

a single tests with a strain range of 0.5 percent and duplicate tests with

strain ranges of 1.15 and 1.7 percent. Figure 64 shows the crack lengths as

measured with a DC potential drop technique plotted as a function of the

number of cycles. These data show the excellent reproducibility of the test

method. The cracks for the highest strain range grew extremely rapidly. The

number of cycles used to propagate the cracks from a 0.25 mm (0.01 inch) deep

EDM slot to over 7.6 mm (0.3 inch) in length required 95 and 100 cycles for

the two 1.7 percent strain range tests.
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The crack growth rates were analyzed using linear elastic fracture

mechanics. The crack growth rates were calculated using a seven point sliding

polynomial technique(39). The value of K was calculated using the solution

developed by Harris(40) for restrained bending in a single edge notch

specimen.

K : aavgJ_a {5/J(20-13(a/W)-7(a/W)2)) (5.1)

The validity of this relationship was verified by Malik and Gilbert(41) who

calculated K-values using both influence functions and J-integrals from the

elastic 2D full specimen finite element analysis of the buttonhead SEN

specimen. They found that their results were very close to those calculated

using the equation developed by Harris.

The analysis of the load-displacement data will be illustrated using the

results from specimen N4-3, a buttonhead single edge notch (SEN) specimen

tested at 538°C (IO00°F) with a strain range of 1.15% and A( of _. The crack

length measurements of this test were included in Figure 64.

Figure 65 shows the hystereses loops from the control, crack mouth, and

back face extensometers from cycle 195. The crack mouth opening displacement

(CMOD) data clearly shows the cusping in the hysteresis loop indicating the

presence of crack closure. This test program is one of the first to

simultaneously use different displacement measurements to detect closure.

These loops illustrate that the ability to detect closure is highly dependent

on the location and gage length of the displacement gage. Of the greatest

significance is the apparent absence of cusping in the back face

displacements. This occurs because this SEN specimen geometry is primarily a

tension specimen relative to geometries like the compact specimen. This may

also suggest that back face deflection is not a very sensitive technique to

detect crack closure for this specimen geometry. Additional work with a

smaller gage length back face extensometer is necessary to investigate this

possibility.
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The occurrence of crack closure was detected from a change in the slope

of the load-CMOD curve at the point where the crack opens or closes. In

nominally elastic tests, the loading and unloading curves are virtually

identical and crack closure is often detected by subtracting an apparent

elastic slope from the measured displacements. Closure is determined to occur

when that difference exceeds a given value. The use of this technique becomes

more difficult for hysteresis loops like that shown in Figure 65 where there

is not a distinct linear region due extensive plasticity. The technique used

in this study to determine closure was to search for a change in slope rather

than some offset value from nominally elastic behavior. The change in slope

corresponds to a discontinuity in the second derivative of load and CMOD. A

seven point sliding polynomial technique(16,39) was used to calculate the

second derivative of load with respect to CMOD for both increasing and

decreasing load portions of each available load-CMOD hysteresis loop. The

points of the crack closure (decreasing load) and crack opening (increasing

load) were determined to occur when the absolute value of the second

derivative reached a maximum value. This technique accurately determined the

closure/opening points in the available load-CMOD loops with readily apparent

cusps. By knowing these locations, the values of the specimen displacements

at the controlling and back face extensometer locations when crack opening and

closure occurred were also known.

Figure 66 show the variation on maximum load (+), minimum load (x),

closure load (square), and opening load (triangle) with cycle number for

specimen N4-3. At the beginning of the test the CMOD loop does not show much

cusping and it is difficult to reliably detect the presence of closure as

indicated by the large amount of scatter in the opening and closure loads. As

the crack grows, the cusping increases and the detection of closure becomes

much more reproducible. Figures 67 through 69 show the variation in the

control, crack mouth, and back face deflections at maximum load, minimum load,

crack closure, and crack opening as a function of cycle number in the same

test. These figures show that the specimen displacements are almost identical

at the crack opening and closing events.
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5.6 Thermal Gradient SEN Technique

The thermal gradient tests were performed identically to the isothermal

tests just described except that the temperature was varied across the width

of the specimen. A technique to introduce a thermal gradient was developed

using a combination of induction heating and forced air cooling. The

potential sensitivity of the CMOD extensometer to vibration due to its small

gage length prevented the use of cooling air on the crack mouth side of the

specimen, so the crack was grown from the high temperature to the low

temperature. The specimen was heated by an induction coil which was offset

toward the crack mouth side of the specimen. Cooling air was also introduced

between the extensometer arms of the back face extensometer. This gradient

technique was developed on a specimen which was monitored with fifteen

thermocouples. Three sets of five thermocouples were attached to the specimen

along the crack plane and at planes 6.4 mm (0.25 inch) above and below the

crack plane. The two latter locations correspond to the positions where the

arms of the two large gage length extensometers contact the specimen. On all

three planes, a thermocouple was located at each edge of the 10.2 mm (0.4

inch) wide specimen and a intervals of 2.54 mm (0.1 inch). The presence of

the thermocouples prevented the attachment of the three extensometers, so the

temperatures were monitored along the plane of the crack in another specimen

using an optical pyrometer attached to a travelling microscope. The results

of the temperature measurements are shown in the Figure 70. The line

connecting the "X" symbols represent the optical pyrometry measurements.

These results show a small amount of temperature difference from

specimen-to-specimen and along the gage length. This variation is within an

acceptable range.

This technique was used to perform both monotonic and cyclic temperature

gradient tests.
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5.7 Thermal Mechanical Fatique (TMF) Technique

The TMF crack propagation tests were performed using a

computer-controlled TMF test facility at the General Electric EMTL Testing

Laboratory. The test were controlled by a PDP-1123 computer which provided

the command signal for the test machine, the pulse signal necessary to run the

potential drop system, and the information necessary to use the data

acquisition capabilities of the ETS system. The first step in the testing

procedure was to program the desired thermal cycle into the memory of the

PDP-1123 computer, which permits 300 control steps during a cycle with a

constant time increment between each control point. For these 0.01Hz tests,

there would be a control point each 0.33 second. The specimen was then

thermally cycled at zero load until a stabilized strain-temperature hysteresis

loop is obtained. The 300 thermal strain values from the stabilized loop are

automatically stored in the PDP-1123 memory. The desired mechanical strain

profile is then programmed into the memory. The mechanical strain at each of

the 300 control points is then calculated and added to the thermal strain to

obtain the total strain at each control point. The 300 total strain values

are used as the command signal for the testing machine. The temperature

signal is used to control the RF generator.

While running either the thermal cycle only (at zero load) or the

thermal-mechanical test, the ETS data acquisitions system monitored the load

and the displacements on each of the three extensometers. The difference

between the two types of displacement data were used to calculate the

mechanical displacements. The software used to analyze the data from the TMF

tests is identical to that used for the isothermal tests except that the

analysis can be done for either total or mechanical displacements.

Examples of a typical thermal displacement cycle will be shown for

specimen N5-45, a SEN specimen cycle from 427 to 649"C (800 to 1200"F). A

total of nine (9) thermal cycles were monitored prior to the start of the TMF

test. Figure 71 shows the thermal strains measured with the control

extensometer. The small dots indicate individual measurements and the solid
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line connects the locus of the average of nine thermal strain measurements.

These data show that this thermal strain is very reproducible. A similar

operation was performed for both the back face and crack mouth displacements.

The average strains from the control and back face extensometers are shown as

a function of temperature in Figure 72. Although there is a slight difference

in strain, the slopes of these data are very similar. A linear regression was

performed through these data to determine the thermal expansion coefficient

which will be used in the finite element analysis of these specimens. The

software permits calculation of either total strain or mechanical

displacements The mechanical displacements were calculated by subtracting

the average thermal displacement of a given extensometer from the

total displacement measured by the same extensometer.

TMF tests were conducted over two temperature ranges: 427 to 649°C (800

to 1200°F) and 538 to 64g°c (1000 to 1200°F). The variation of temperature

and mechanical strain with time had a triangular wave shape. The

thermal-mechanical cycling was performed with both in-phase (maximum strain at

maximum temperature) and out-of-phase (maximum strain at minimum temperature)

cycling.

5.8 Modified Compact Specimen

The alternate crack growth specimen was a modified compact specimen.

Figure 73 shows the drawing of this specimen. This specimen was designed

based on a compact-type keyhole notched specimen used in an SAE testing

program(42). This specimen is bolt-loaded while the more conventional

ASTM-recommended compact specimen is pin-loaded. The use of bolt loading

permits the use of compressive loads without discontinuities in displacements

at near zero loads. The specimen is bolted in clevises which attach to a

buttonhead grip by means of a Morse bearing. This provides a rotation point

outside the plan of the specimen.

The testing technique for the compact specimen was very similar to that

previously described for the buttonhead SEN specimens. The compact specimen
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was tested in displacement control with the control extensometer contacting

the specimen on the plane of the center loading bolt. The back face and CMOD

displacements were also measured. The gage length of the control and back

face extensometers was 12.7 mm(0.5 inch) while the CMODextensometer had a

gage length of 8.89 mm(0.35 inch). The displacement and load data were

monitored using the ETSdata acquisition system. Crack lengths were monitored
using the samepotential drop system used for the buttonhead SENspecimens.

The crack growth data were calculated using a seven point sliding

polynomial technique. The plan size (H/W) of the compact specimen shown in

Figure 73 is 0.47 which is different from the 0.4 plan size used in the

ASTM-recommendedspecimen. The modified compact geometry and test technique
results in somedeviations from the ASTMrecommendedK-solution. One is

caused by the movementof the rotation point and the other is caused by the

change in plan size. Both of these factors were addressed in a boundary
collocation analysis reported by Srawley and Gross(43). They considered

various plan sizes as well as different ways to distribute the loads near the

loading holes. The following discussion will restrict itself to the two plan

sizes modeled by Srawley and Gross(43) which bracket the plan size of the

modified compact specimen (H/W : 0.4 and 0.5). The influence of load

distribution on the K solution diminished with increasing crack length. This

effect was less than 0.4 percent for crack length to width (a/W) ratios of 0.3

or greater. Therefore, only a/W ratios in excess of 0.3 (a = 14.1 mm or 0.56

inch) were used in this investigation.

Srawley and Gross proposed a K-solution of the form

K = P/B (2W + a) fla/W)

(W - a)3/2 '

(5.2)

where they listed the values of f(a/W) for values of a/W in increments of 0.1.

The values of f(a/W) for intermediate plan sizes (H/W) were determined by

linear interpolation. This approach was verified by comparing the results of

the interpolated K-solution with that reported(44, 45) for the Manjoine test
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specimen(46,47). This should provide an excellent comparison because the plan

size of the Manjoine specimen (H/W = 0.466) is close to that of the modified

compact specimen and because the Manjoine specimen does not have free rotation

like the pin-loaded geometry. For a/W ratios from 0.3 to 0.8, the

interpolated and Wilson(44, 45) K-solutions agree within 5 percent. If the

comparison is madefor a/W ratios between 0.3 and 0.7, the agreement is within

1.5 percent. This excellent agreement suggests that the linear interpolation

schemecan be used to accurately represent the influence of plan size on the
K-solution.

Several type of regression analyses were performed on the interpolated

values of f(a/W) for the plan size of the modified compact specimen. The
following expression

f(a/W) = 1.187 (a/W)- 0.3758 (5.3)

had a correlation coefficient in excess of 0.99 and predicted the interpolated

values of f(a/w) within 2 percent for a/W ratios from 0.3 to 0.8. The K

solution used to analyze the modified compact data was that described by

Srawley and Gross (Equation 5.2) using Equation 5.3 to represent f(a/W).
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6.0 EXPERIMENTAL RESULTS OF ISOTHERMAL SEN CRACK PROPAGATION TESTS

This section of the report will describe the results of the isothermal

crack growth rate tests performed during this investigation. The testing

apparatus and data reduction procedures were described in Section 5.0. In

summary, buttonhead single edge notch (SEN) specimens were tested in strain

(displacement) control. The displacement was controlled in the center of the

gage section and the displacements were monitored at the back face and across

the crack mouth (CMOD). The crack length was monitored using a DC potential

drop technique and the load and displacements were recorded using an

automated data acquisition system.

6.1 Test Matrix

Table 13 lists the planned test matrix for the isothermal crack

propagation tests. Duplicate tests were planned for each condition listed in

Table 13. The strain ranges selected for the crack propagation tests are

0.50, 1.15, and 1.70%. The higher two ranges were used to determine the

cyclic constitutive properties. As shown previously (Figure 30), they will

result in plastic strain ranges of approximately 0.2% and 0.7% at 538°C

(IO00°F). The 0.5% strain range resulted in nominally elastic cycling. Most

of the crack growth tests were cycled with zero mean strain (A E = ® ). With

this AE ratio, tests were performed at 427, 538, 593, and 649"C (800, I000,

1100, and 1200°F) at all three strain ranges. The influence of mean strain

was evaluated at all four temperatures using A( ratios of 1.0 and -2.0. A(

ratios of 1.0 and -2.0 correspond to zero and negative mean strains or

displacements, respectively. The strain range for the A(=].O tests was

1.15%, the same at the intermediate value for the AE:© baseline tests, but

the strain range for the A(=-2.0 tests was reduced to prevent buckling of the

specimens. The strain ranges listed in Table 13 were modified as the test

program proceeded to eliminate buckling and to avoid excessively long tests.
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TABLE 13: Isothermal SEN Crack Propagation Test Matrix

Temperature

('c)

Temperature

(°F) Strain Range(s) A E

427

538

593

649

427

538

593

649

427

538

593

649

800

I000

1100

1200

8OO

I000

II00

1200

8OO

tOO0

1100

1200

0.0050, 0.0115, 0.0170

0.0050, 0.0115, 0.0170

0.0050, 0.0115, 0.0170

0.0050, 0.0115, 0.0170

0.0115

0.0115

0.0115

0.0115

0.0093

0.0093

0.0093

0.0093

1.0

l.O

1.0

1.0

-2.0

-2.0

-2.0

-2.0
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6.2 Crack Morpholoqy

Table 14 summarizes the isothermal crack propagation tests which were

successfully performed. Also listed in the table are specimens which

experience buckling during the initial loading or after a few cycles. The

isothermal tests were performed at two different times. The first campaign

were the first tests performed. The second campaign was performed after

completion of the thermal gradient and TMF crack propagation tests. In the

first campaign the CMOD gage was suspended and was susceptible to movement.

During the second campaign the gage attachment was adjusted to eliminate

lateral movement of the CMOD gage.

The last column in Table 14 lists the crack morphology. A flat

morphology refers to cracks which propagate normal to the loading axis of the

specimen with no indication of out of plane cracking. Specimens which

buckled failed within the first few loading cycles. A shear crack morphology

refers to a specimen where the crack initially grows normal to the loading

axis, then starts forming shear lips at the edge of the specimen, and

gradually the fracture surface is inclined across the thickness of the

specimen. Examination of Table 14 shows that occurrence of shear failures

increased with increasing strain range and decreasing temperature. It is

interesting to note the close correlation between the occurrence of shear

crack growth and the conditions which cause serrated yielding in the

constitutive property tests.

The variation of the CMOD with cycles of specimen N4-3 previously

presented in Figure 68 showed a transition in CMOD which becomes highly

negative. This specimen was also one of those which experienced shear crack

growth. Examination of several of the first campaign tests showed that

specimens which grew in shear also had the transition or shift in the CMOD

data. The CMOD transition was not observed for the tests which did not

experience shear crack growth as shown in Figures 74 through 76. Figures 74

and 75 show the variation of CMOD at maximum displacement, minimum

displacement, crack opening, and crack closing for tests with A_ of ® and a
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Table 14: Summary

Specimen Temperature
Number (°C)

of Isothermal

A(

SEN Crack

Strain

Range(%)

Propagation

Campaign

N4-I 427 © 0.50 I

N5-7 427 © 0.75 2

N5-44 427 © 0.75 2

N4-19 427 ® 1.15 I

N5-26 427 ® 1.15 1

N4-37 427 ® 1.70 I

N4-45 427 ® 1.70 2

N4-11 427 1.0 1.15 2

N5-34 427 1.0 1.15 2

N4-28 427 -2.0 0.93 2

Tests

Crack

Morphology

flat

shear

shear

shear

shear

shear

buckled

shear

shear

shear

N4-31 538 ® 0.50 1 flat
N5-8 538 ® 0.75 2 flat

N5-14 538 ® 0.75 2 flat

N4-3 538 _ 1.15 1 shear

N4-44 538 = 1.15 2 shear

N5-6 538 © 1.15 2 shear

N5-42 538 © ].15 I shear

N4-12 538 ® 1.70 I shear
N5-33 538 ® 1.70 I shear

N4-22 538 1.0 1.15 2 shear

N4-20 538 -2.0 0.93 2 buckled

N4-40 538 -2.0 0.93 2 flat

N5-17 538 -2.0 0.93 2 shear

N4-23 593 ® 0.50 I flat

N5-22 593 ® 0.50 I flat

N4-42 593 m 1.15 I flat

N5-4 593 ® 1.15 1 flat

N4-14 593 _ 1.70 I shear

N5-31 593 © 1.70 I shear

N4-33 593 1.0 1.15 2 shear

N5-12 593 1.0 1.15 2 shear

N4-6 593 -2.0 0.93 2 flat

N5-39 539 -2.0 0.93 2 flat

N4-8 649 - 0.50 I

N4-9 649 _ 0.75 2

N4-26 649 _ 1.15 I
N5-19 649 _ 1.15 1

N4-15 649 ® 0.0150 I

N4-I0 649 _ 1.70 I

N5-11 649 ® 1.70 I

N5-23 649 1.0 1.15 2

N4-17 649 -2.0 0.93 2

N5-28 649 -2.0 0.93 2

flat

flat

flat

flat

flat

buckled

buckled

flat
flat

flat
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strain range of 0.50% at 538 and 593°C (1000 and 1100°F) respectively. These

specimens have the expected trend of increasing CMOD with increasing cycles

or crack size. These data also illustrate that the CMOD at crack opening and

closing are virtually identical. Figure 76 shows the CMOD data for a 649°C

(1200°F) test with an A_ ratio of ® and a I.]5% strain range. This strain

range corresponds to one higher than the one where the CMOD transition was

observed in 538"C (IO00°F) tests but slightly lower than the 1.70% strain

range where specimen buckling occurred at 649°C (1200"F). It is believed

that this behavior results from rotation of the CMOD gage which is caused by

out-of-plane specimen displacements induced by the shear crack growth. The

attachment method of the CMOD gage was changed for the second isothermal

testing campaign which minimized out of plane movement. The CMOD transition

was not observed in any of the tests performed in the second campaign further

suggesting that the shift in the CMOD measurements was induced by the

interaction between shear crack growth and the CMOD gage.

The load°CMOD hysteresis loops determined in tests which experienced

the transition behavior appeared to be of the proper shape and were within

the calibrated range. These data were assumed to have a mean displacement

shift which did not adversely affect the measurement of the point in the

loading cycle where crack opening and closing occurred. As a result, the

CMOD range rather than a specific value of the data were used to compare the

experimental CMOD data with finite element predictions.

6.3 Fracture Mechanics Analysis

The intent of the crack propagation tests was to obtain data to be used

for evaluation of the P-I integrals. These data were also used to

qualitatively examine the applicability of conventional linear elastic

fracture mechanics (LEFM) to correlate these data. It was anticipated that

LEFM would not adequately correlate these data since the amount of plasticity

greatly exceeds the conditions of small scale yielding; however LEFM analysis

can be used to qualitatively assess the influence of temperature and strain

range on the crack growth rates.
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It is not obvious how to analyze these displacement controlled tests

using LEFM. The 538°C (IO00°F) tests performed during the first testing

campaign were used to investigate the ability of two K-based parameters for

correlating the crack growth data. The first parameter was the range of K

(AK) which is computed using the stress range between the compressive and

tensile load peaks. The second parameter is the value of K at maximum load

(Kmax) which is recommended by ASTM for tests with compressive loads(39) and

completely ignores any damage which may occur at negative loads. The first

campaign 538°C tests were performed with a mean strain of zero (A_ = _) and

include a single tests with strain ranges of 0.50 and 1.70% and duplicate

tests with a strain ranges of 1.15%.

Figure 77 shows the variation in crack growth rate as calculated using

a seven point sliding polynomial technique with crack length. The crack

growth rates increase initially, pass through a maximum, and finally diminish

with increasing crack length. These tests were run in remote displacement

control and experienced changes in both load range and mean load as the crack

grew. The degree of load drop was so rapid that the value of Kmax also

passes through a maximum as shown in Figure 78. Under a constant load

control mode, the value of maximum K and crack growth rate would always

increase with crack length. The decrease in load results from the change in

specimen compliance as the crack grows. This becomes especially pronounced

after the crack tip position extends past the mid-width of the specimen (a :

5 mm or 0.2 inch).

The variation of crack growth rate with AK and Kmax is shown in Figures

79 and 80, respectively. These figures show that the selected LEFM

parameters do not correlate the crack growth data for the different strain

range tests. This confirms that these tests will be good cases for

evaluating path-independent integrals under elastic-plastic crack growth

conditions. Comparison of the nominally elastic, 0.5% strain range test in

Figure 80 show that there is a unique relationship between crack growth rate

and Kmax even after these values pass through a maximum. This was not

observed for AK in Figure 79. For nominally elastic crack growth, the
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operational values of K which correlates crack growth data with compressive

minimumloads in nickel-base superalloys is very close to Kmax(48). Kmax
also correlates the crack growth rates from the higher strain ranges before

and after passing through the maximumbetter than AK. The crack growth rate

data determined in the other strain controlled tests were analyzed using
Kmax. The remainder of this section will describe those results.

6.3.1 Results of Zero MeanStrain (AE=_) Tests

Figure 81 shows the crack growth data for the A(=® tests performed at
427°C (800°F). As with the data shown in Figure 80, crack growth rate is a

multi-valued function of Kmax, indicating the necessity of a non-linear

fracture mechanics parameter. The tests performed with a strain range of
0.75% had a very small amount of net section cyclic plasticity and had crack

growth rates very similar to those with a strain range of 0.50%. This
indicates that operational definitions of K or J maybe able to treat

isothermal cases with very small amounts of cyclic plasticity.

The experimental results for A(-® tests performed at 538, 593, and
64g°C (1000, 1100, and 1200"F) are shownin Figures 82, 83, and 84

respectively. These data all show increasing crack growth rates with

increasing strain ranges for a given value of Kmax. The acceleration in

crack growth rates caused by the cyclic plasticity decreases with increasing
test temperature.

6.3.2 Results of Non-zero MeanStrain Tests

All the positive meanstrain tests were performed with an A( ratio of
1.0 and a strain range of 1.15%. This type of test is cycled from a strain

of zero to a maximumstrain of 1.15%. The results of the 1.15% strain range

tests performed at 427"C (800°F) with A( ratios of 1.0 and ® are shownin
Figure 85. There is no observable influence of meanstrain in these tests.

This result is due, in part, to the Kmax treatment of the data used in this

figure. Both of these cases have significant plasticity and negative minimum
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stresses. The Kma x parameter considers the magnitude of the positive

stresses and ignores the compressive stresses. For a nominally elastic test

with negative minimum stress, it would not be expected to see a mean strain

effect when plotting crack growth data against Kma x.

The comparisons of the 1.15% strain range tests performed at the higher

temperatures with A( ratios of- and I.O are shown in Figures 86, 87, and

88, respectively. There is not a large influence of mean strain on the crack

growth rates but the A(=I.0 tests had slower crack growth rates at 593 and

649°C. Increasing temperature results in lower cyclic strength and thus

higher cyclic plasticity for a fixed strain range. This effect and the

overall changes in stress levels with mean displacements may be responsible

for this small but possibly significant trend.

Crack growth tests were also performed with an A( ratio of -2.0 which

results in a negative mean strain. The negative mean strain required that

the strain range be reduced so that the specimens would not buckle. It was

estimated from the A(=® tests that the minimum strain should not be lower

than -0.70%. The combination of this minimum strain and the A( ratio of -2.0

requires that the strain range be 0.93%. This corresponds to a maximum

strain of 0.23%. There were no zero mean strain tests performed at this

strain range, so the results of these tests were compared with the A(=_ tests

at the nearest strain ranges less than and greater than that used in the

negative mean strain tests.

Figure 89 compares the results of the zero and negative mean strain

tests performed at 427°C (800°F). The A(=-2.0 results are bracketed by the

A(=© results. The Kma x parameter, in part, helps to account for the mean

strain effect in a fashion similar to that explained for the positive mean

strain results. The data in Figure 8g suggest that there is not a large mean

strain effect but do not rule out a more subtle influence.
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The comparison of the 538, 593, and 649°C (1000, II00, and 1200°F) zero

and negative mean strain tests are shown in Figures 90, 91, and 92,

respectively. The zero mean strain results bracket the AE:-2.0 results

indicating no major mean strain effect at the other temperatures.

6.3.3 Influence of Test Temperature

The results of these isothermal crack growth rate tests are to be used

to qualitatively interpret the thermal gradient and TMF crack growth tests.

These data have been cross-plotted as a function of temperature for fixed

displacement (A E and strain range) conditions to assist in this

interpretation. The presence of specimen buckling (Table 14) prevented an

exact comparison for all strain ranges at all temperatures.

Figures 93, 94, 95, and 96 show the influence of test temperature on

the crack growth rates measured in specimens with an AE ratio of _ for strain

ranges of 0.50, 0.75, 1.15, and 1.70%, respectively. Increasing the

temperature from 427 to 649°C accelerates the crack growth rates be a factor

of approximately 20 for a strain range of 0.50% (Figure 93) when plotted as a

function of Kma x. The relative effect of temperature is diminished as the

strain range increased. It is unfortunate that the 1.70% strain range tests

conducted at the highest temperature (649"C) buckled, but the data for the

temperature range from 427 to 593°C (Figure 96) indicates that there is very

little influence of temperature with large amounts of cyclic plasticity.

Over this same temperature range, the data for a strain range of 1.15%

(Figure 95) shows a 8 fold difference in crack growth rates.

The results of the crack growth rate tests with A( ratios of 1.0 and

-2.0 are compared in Figures 97 and 98, respectively. The tests with a

positive mean strain had a strain range of 1.15%. For this condition,

increasing the temperature from 427 to 649"C, accelerated the crack growth

rates by a factor of approximately 70. A very similar effect was observed

for the zero mean strain tests having the same strain range (Figure 95).
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The same temperature range accelerated the crack growth rates measured

in the negative mean strain tests (Figure 98) by a factor of approximately

80. These tests were conducted with a strain range of 0.93%. The relative

level of acceleration is on the same order as that observed for zero mean

stress tests with strain ranges on 0.75% (Figure 94) and 1.15% (Figure 95).
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7.0. ISOTHERMAL FINITE ELEMENT ANALYSIS

7.1. Literature Survey

The application of a finite element method for analysis of crack

closure usually involves an enormous amount of computational efforts due to

the doubly iterative nature of the problem. The equilibrium must be achieved

such that both the material nonlinear behavior and the contact condition of

the crack surface are satisfied. The list of available literature in this

connection is, consequently, rather short. The papers published in the

seventies include Newman et. ai.(49-51), Ohji and Ogura(52,53), and Nakagaki

and Atluri(54,55).

Newman and Armen(49) analyzed a center-cracked panel (CCP) subjected to

cyclic remote stresses using an initial stress method. The constant strain

triangular element was used in the model. Newman and Armen(49) increased the

load by a small amount and linearized the problem in a loading step. The

linearization error and the redistribution of the contact force by closure,

opening and crack extension was then taken into account by readjusting the

plastic force after solution was obtained for each loading step. They

predicted the crack opening stress consistent with Elber's(56) experimental

data. Newman(50) reported more extensive work with an improved numerical

procedure in which plastic iteration was made in the loading steps. He

investigated the effects of mesh size on the crack closing and opening

stresses. He also studied the effects of load ratios(50) and the sequence of

loading(49,50). In these papers(49,50), no fracture criterion was used and

the crack extension was made at the maximum load in each cycle by releasing

the crack tip node. In a follow-on paper, Newman(51) used the crack tip

strain as the crack growth criterion and examined the effects of mesh size,

critical strain, hardening rule and specimen type on the crack growth

behavior.

Ohji et. al.(52) analyzed a double-edge V-notched specimen with cracks

PRECEDING PAGE BLANK NOT FILMED
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emanating at the notch roots. Their results explained the test results of
Frost and Dugdale(57) for non-propagating fatigue cracks under completely
reversed loading. Ogura and Ohji(53) analyzed a double-edge notched plate

under R=Otype constant amplitude loading and studied the effects of a single

over load, and high-to-low and low-to-high loading sequences. They obtained
results analogous to Newman(50). The constant strain triangular elements

were used by Ohji, et.al.(52,53).

Nakagaki and Atluri(54) used a hybrid-displacement finite element

method with special crack tip elements in which Hutchinson-Rice-Rosengren

type singularities are embedded. The circular region of the singular

elements at the crack tip, which was connected to the eight noded

isoparametric element mesharound, was translated as the crack was extended
incrementally, so the amount of crack extension at a time is not related to

the meshsize. A stress-based crack growth criterion was adopted in their

study. They verified their approach by considering R=Oconstant and variable
amplitude loading(54,55).

Recent work on crack closure analysis has also been reported by
Wastberg(58), Blom and Holm(S9), Lalor and Sehitoglu(60) and McClung(61).

Wastberg(58) investigated crack growth in a compact tension specimenwith a

cohesive zone at the crack tip and by use of a fracture criterion based on
the crack tip force versus crack separation curve. Blom and Holm(59) studied

crack growth in a compact specimen for different stress ratios. Lalor and
Sehitoglu(60) performed finite element analyses of a crack emanating from a

circular hole in a panel. The loads applied on the model were higher than in

other papers. They presented results on the behavior of the opening stress

as a function of Omax/ay s at different crack lengths under R=O and -!

loading. They also investigated the effects of the state of stress and the

hardening exponent. McClung(61) also modeled the crack closure at similar

load levels for a similar geometry. Discussions were also made on the

effects of mesh design, crack advance scheme, material properties,

constitutive model and biaxial stresses on the resulting opening stress.

McClung(61) also correlated the crack growth data using closure-modified

PW_
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parameters such as AKef f and AJef f.

7.2. Finite Element Method

The classical incremental theory of plasticity which utilizes the

Prandtl-Reuss flow rule, Von Mises yield criteria and the kinematic hardening

rule in the strain space is the basis of the constitutive model employed in

this analysis. The Besseling's subvolume method(62) is used within this

constitutive framework.

The numerical scheme of the elastic-plastic finite element analysis

used herein is the initial strain method analogous to the method used in

Newman(4g,50). For a given load increment the finite element equation of

equilibrium at the elemental level can be written as

(7.1)

(7.2)

[K] (Au) = {Af}

{Af} : {Afa} + {Af8} + {alP}

Here, {Af a} is the incremental applied load vector, the stiffness [K], the

thermal load vector {AfB}, and the plastic load vector {AfP} are defined by

[K] - f [B]T[c][B]dV (7.3)
V

(af8} = _V [B]T[c](A(B}dV (7.4)

{Af p} = _ [B]T[c]{A(P}dv (7.5)
V

where the [B] matrix and the elastic properties matrix [C] are found in

standard textbooks(63) and hence omitted here. The plastic strain and the

thermal strain are
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{A(P} : {A(I1P,AE22P,A(33P,A_12 p} (7.6)

{AEB} : eAT {1,1,1,0) T (7.7)

The prescribed displacement boundary conditions are enforced using

penalty constants along the diagonal of the assembled stiffness matrix and

replacing the corresponding entries of the force vector by Au prescribed

times the penalty constant.

For analysis of the contact condition of the crack surface, gap

elements, which are actually springs with either very high moduli or zero

moduli depending on whether the gap is zero or positive, are introduced on

the crack plane; see Figure 99. It is noted that gap elements are also

located ahead of the crack tip for use in the propagation of the crack. A

gap element connects a node on the crack plane to a nonstructural node placed

on the line of symmetry as shown in the figure. If the gap becomes negative

in the analysis, the high modulus is used for the spring, whereas if the

force in the spring becomes tensile while in contact, the modulus is set to

zero. If contact occurs, the diagonal entry of the assembled stiffness for

the y-directional degree of freedom (d.o.f.) of the crack surface node of the

gap element is replaced with the high modulus and the force on the right hand

side is set to zero. The original stiffness and the force vector

corresponding to the d.o.f, of the crack surface node are saved and later

restored to its place if the gap opens up. In computation the modulus of the

spring was set equal to the penalty constant for the displacement boundary

conditions. The step-by-step analysis procedure for a loading step is given

as follows:

I/0 .,
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Read the boundary conditions for the loading step.

Construct the stiffness (for the first load case) or retrieve the

original stiffness saved in a file.

Modify the stiffness and the force vector for displacement

boundary conditions, and for gap element contact conditions.

Solve for the increment of displacement for the incremental

elastic force.

Compute (or revise) the plastic force and obtain the increment of

displacement due to plasticity.

Update the total displacement increment and check the contact

conditions of gap elements. If there are changes, repeat steps 3

through 5 with modified contact conditions.

Check the plasticity convergence criteria. If not converged, go

back to step 5.

If plastic convergence were achieved and there were no changes in

the contact condition, update the field data and write the

results in the output file.

Go back to step | for the next loading step.

The stiffness must be computed in each loading step for TMF cycling where the

material properties change with temperature. Notice that the contact

conditions of gap elements are examined and revised in the plastic iteration

process. This procedure will permit precise assessment of the contact

conditions even when the loading step is taken large. For the convergence

criteria, the increment of the effective plastic strain defined by

A(eP = (2/3 A(ijP A(ijP)I/2 (7.8)

was used. It was assumed that the convergence requirement was met if either

the absolute value of the change of the effective plastic strain or the

percentage change in the two consecutive iterations is smaller than the value

given in the input for all the elements in the model.

172



7.3. Crack Growth and Crack Closure Analysis

7.3.1 Finite Element Model

The finite element model of the single edge notch specimen used in this

study is shown in Figure 100. Due to the symmetry of the geometry and the

loading condition, only half of the gage length was included in the model.

The model consists of 688 constant strain triangular elements and 421 nodes,

33 of which are the nonstructural nodes for the gap elements located on the

line of symmetry. The model is 10.16 mm wide, 6.35 mm high and 2.54 mm

thick. As discussed earlier, the specimen is subjected to compressive

loading at high temperatures. The gage length was taken rather short for

possible buckling. As a result, the current model is shorter than other

single edge notch specimen models appearing in the literature.

The element size along the crack tip path is certainly a factor which

influences the closing and opening behavior of the crack. Obviously, finer

crack tip elements permit more residual plastic deformation on the new crack

surface as the crack tip nodes are released at the tensile peaks. This will

influence the closing stress as Newman(50) reported for R=O loading.

The size of the mesh along the crack plane in Figure 100 is

approximately 0.16 mm. This size is close to the intermediate of the three

that Newman(50) considered. However, the ratio of the mesh to the specimen

width is much larger for the present mesh. In other papers(52,53,60,61),

smaller ratios were used for crack closure analysis. The mesh size effect is

thought to vary according to the load ratio and the magnitude of loads.

Newman(50) showed that the opening stress was identical for the three meshes

he used for R=O loading with a maximum stress equal to half of the yield

stress, but it varied at lower stresses. Recently, McClung(61) suggested

that mesh sizes less than 5% of the plastic zone size at the maximum load is

necessary for accurate determination of the crack closure behavior. He

assumed that the crack length is incremented by one mesh each time. In this

study, the crack length is incremented by two meshes in each cycle to save
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Figure 100: Finite Element Model of the Gage Section of Single Edge

Notch Specimen.
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the computational time. Therefore, the meshsize should be smaller than 2.5%
of the plastic zone size. His work was reported after the completion of the
analysis in this program, so the plastic zones for the three control strain

ranges analyzed in this study have been comparedwith the meshsizes along

the crack plane. The plastic zone sizes are shownlater in this section

along with the results of the finite element analyses. For the strain ranges

of 1.15% and 1.7%, the whole crack ligament was in the plastic zone at most

of the crack lengths in the analysis. The ratio of the crack length

increment to the plastic zone size was in the range of 3.2 to 4.5% in these

cases, thus satisfying McClung's criterion. This criterion was not satisfied

for the case of 0.5% strain range. The ratio in this case was greater than

14.5%. Nevertheless, the results of this analysis appear to be in good

agreement with experimental data and we believe that the mesh is also
acceptable for this case.

It is also noted, although a minor aspect, that the small separation of

the initial crack surface from the line of symmetry due to EDMmachining was

neglected since the effects will diminish as the crack propagates.

7.3.2. Analysis Procedure

The finite element analysis was carried out for three specimens

subjected to 0.5%, 1.15% and 1.7% total strain ranges as measuredby the

controlling extensometer.

The analysis of crack growth to be discussed herein is two-tiered. The
first part is crack growth simulation wherein the crack tip advances into the

material incrementally in each cycle. The purpose is to produce a plastic

wake on the newly created crack surface. This analysis will be called a

"crack growth simulation". The second part is a cyclic hysteresis loop

analysis at constant crack lengths, which is aimed at investigating the crack

closing and opening behavior. This analysis will be called a "crack closure

analysis". In both analyses the state of stress is assumedto be plane

stress. In view of the highly plastic deformation under the loading in
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consideration, the plane stress state is believed to be muchcloser to the

real test condition than the plane strain state. The plane stress state will

becomemore prevalent as the crack propagates, and thus the uncracked

ligament is subjected to more extensive plastic deformation.

7.3.3. Crack Growth Simulation

The depth of the EDMstarter notch in the SENtest specimens was

approximately 0.3 mm. Thus, the initial position of crack tip was positioned

at the third node from the left on the crack plane in the model which results

in an initial crack length of 0.3175 mm. The material at this stage is

assumedto be stress-free. In this analysis, each cycle had three load cases

as shownin Figure 101; (I) loading up to the tensile peak in a single step,

(2) releasing two nodes at the crack tip resulting in an crack length
increase of 0.3175mm,and (3) loading downto the compressive minimumin a

single step. The process was repeated until the crack length reached 2.54

mm. At this point another cycle of loading was applied and the analysis was

terminated. This procedure required 22 load cases.

The loading steps in this analysis may appear to be too large to

adequately characterize the nonproportionality of the crack tip field and the

residual plastic deformation wake left behind as the crack grows. The
simultaneous release of two nodes does not allow the second node to

experience the full severity of the crack tip field. This will also worsen
the ability to find accurate opening stress according to McClung's(61)

criteria for crack length increment. Somepreliminary studies were madeto

investigate the effects of smaller load steps and release of one rather than

two nodes at a time. It was found that the changeswere rather small for

much increased computational efforts as the procedure becamemore refined.

For instance, the differences in the maximumload, minimumload and the CMOD

for 1.15% strain range specimenwith a 2.54 mmcrack length between a single
node and two node release simulations were within 4%. The effects of

additional loading steps were also small as will be discussed when presenting

the results of the hysteresis loop analysis. In this connection, it is worth
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noting the work of Krieg and Krieg(64) and Schreyer et al.(65) who

investigated the numerical accuracy of an elastic-plastic analysis for

various algorithms when one large loading step is taken along a wide range of

nonproportional loading paths. For the numerical scheme implemented in the

present study, which is essentially the elastic predictor-radial corrector

method, and for the loading conditions analyzed, it is expected from these

papers that satisfactory results will be obtained without subdividing the

loading steps. Furthermore, considering errors which could attribute to

other factors, such as discretization and the constitutive relation itself,

the procedure to be taken here is well justified.

7.3.4 Crack Closure Analysis

This analysis can be performed at crack lengths associated with any

cycles appearing in Figure 101. Due to the cost involved in the analysis we

have considered only two crack lengths here, 0.95 mm and 2.54mm. The same

crack lengths were used for all three specimens. These crack lengths were

selected to analyze situations with significant differences in the crack

length, crack growth rate and the extent of deformation. For both crack

lengths, the fatigue cycle was divided into ten loading steps. The loading

steps are indicated by solid triangles in Figure 102. These include the

tensile and compressive peaks, the closing and opening points experimentally

observed. Notice also two load cases close to the closing point and the

opening point. These load cases are necessary to examine the closing and

opening behavior, but not necessarily precisely identify the closing and

opening stresses. This could be accomplished by adding a few more load

cases.

The crack closure analysis was initiated using the results from the

crack growth simulation run which corresponded to the appropriate crack

length (load case 7 or 22). The starting point of this analysis was the load

case where the material has undergone a whole cycle after node release and

not the load case immediately following node release. This will most likely

result in a more accurate determination of the closure stresses because the
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segment of crack surface most recently created by node release has to be

subjected to the contact pressure of crack closing during one simulated

fatigue cycle. In most previous investigations, the closure stresses were

determined using small unloading steps immediately after the crack tip node

was released at the upper peak. The opening stress is nevertheless

unaffected since the reverse deformation on the contact area of the crack at

the lower peak has already been accounted for.

7.3.3. Boundary Conditions

The boundary conditions in need of discussion are those near the end of

the gage section or at the upper boundary of the model. Other boundary

conditions are obvious or taken care of internally. The vertical boundary

conditions for all the load cases in the two-tier analysis are obtained from

the control and backface displacement data measured in the test. The

displacement data at the two locations are linearly interpolated and

extrapolated to determine the boundary conditions at the nodes on the

boundary. The question on the validity of the linearity of the displacement

was already raised and discussed in detail in Section 4.0. It was concluded

that the linear variation is a reasonable approximation. The lateral

boundary conditions on the remote boundary are unknown. However, previous

analyses using the results of a full specimen elastic-plastic analysis and

zero lateral displacements resulted in rather small changes in the stress

intensity factor. Consequently, the lateral displacements at the upper

boundary nodes were set to zero. This will give rise to inaccurate shear

stress distribution along the boundary, but these stresses are small and the

effects will be diminishing with distance from the boundary.

The details of determination of the vertical boundary conditions from

the test data are described in the following:

Since the finite element analysis is done in two stages, two sets of

boundary conditions are needed. The procedure of determining these will be

illustrated for Specimen 4-3, a test performed at 538"C with a strain range
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of 1.15% and A_ of _. This is the same specimen used in a previous sections

to describe the data analysis procedures.

The boundary conditions for the crack growth simulation analysis were

determined by iterating between the available data points. The solid line in

Figure 103 shows the variation in crack length (a) with cycle number

previously shown in Figure I00. The crack length positions corresponding to

the finite element node locations on the crack plane are shown as triangles.

The cycle count at these positions was calculated by linear interpolation

between the actual data points. In a similar fashion, the maximum and

minimum deflections corresponding to the interpolated cycle number were also

calculated as shown in Figure 104. The solid lines in this figure were drawn

through the maximum and minimum data previously shown in Figures 67 and 69.

The data points shown in Figure 104 are the interpolated values which were

used as the boundary conditions for the crack growth simulation analysis. A

similar interpolation was also performed for loads, crack growth rates, and

CMOD values for comparison with those calculated from the finite element

analysis.

Figure 105 shows the variation in crack length with cycle number. The

triangles indicate the individual data points as determined using the

potential drop technique. The darkened points correspond to the cycles where

hysteresis loops were obtained on either side of the crack lengths used in

the crack closure analysis. A total of 40 sets of boundary conditions were

obtained from each cycle. They were determined by placing data points at

maximum and minimum deflections, crack closing deflection, and crack opening

deflection. Nine other points were placed between each of the following:

i °

ii.

iii.

iv.

minimum and crack opening deflection

crack opening and maximum deflection

maximum and crack closing deflection

crack closing and minimum deflection
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The positions of the points were separated by a constant amount of CMOD

within each of the four segments listed above.

This procedure was performed for the cycles on each side of the desired

crack lengths. As in the case of the boundary conditions for the crack

growth simulation, a linear interpolation was performed between the two

experimental hysteresis loops. The remote displacements were reported at the

same positions in the hysteresis loops. Figure 106 shows the experimental

stress-CMOD data from the loops on either side of the desired crack length (x

and +) and the interpolated data points determined for this case (A). This

figure illustrates that this approach closely matches the corresponding

experimental data.

This procedure has now been repeated for all of the AE = m, 538°C crack

growth tests. The boundary conditions at 40 points for each hysteresis loop

determined in this manner formed the data base for those actually used in the

analysis. In the analysis only 10 points were selected among the 40 points

as described previously. The I0 load cases are marked by solid triangles in

Figure 106.

7.4. Results of Analysis

7.4.1. Crack Growth Simulation

Crack growth simulation of the Alloy 718 SEN tests with three different

strain ranges (0.50, 1.15, and 1.70%) were performed using the procedure just

described. Figures 107 and 108 show typical examples of the crack surface

profile as predicted during the crack growth simulation of the test with the

intermediate strain range. The material just behind the crack tip has a

cusped morphology due to the residual plastic deformation as the nodes are

released (Figure 107). The cusp is obliterated as the material experiences

load reversals (Figure 108) and the crack completely closes during the

compressive loading. Notice the difference of the crack surface profile from

the case of Ao=1 loading for which the crack surface remains cusped even
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crack displacement after node release
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Figure 107: Predicted Crack Surface Displacements After Node Release in

a SEN Crack Propagation Analysis of a SEN Specimen Cycled

at 538'C (IO00"F) and 1.15% Strain Range.
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Figure 108: Predicted Crack Surface Displacement at Tensile Peak in a

SEN Crack Propagation Analysis of a SEN Specimen Cycled at

538°C (IO00°F) and 1.15% Strain Range.
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after reloading(50).

The plastic zones at the tensile peaks are plotted in Figures 109 for

the intermediate strain range. The plastic zone became smaller because of

load drop, as the crack grew. The plastic zone was oriented backward from

the crack tip and spreads over the whole or most of the uncracked ligament at

the crack lengths analyzed. For the 1.7% strain range, the plastic zone

spreads over the whole specimen and diminished somewhat as the crack

propagated. For the 0.5% strain range (nominally elastic case), the initial

plastic zone was small but it grew as the crack propagated. The shape of the

plastic zone was similar to oval and inclined forward as usually observed in

a small scale yielding case. It rotated a little backward and grew fatter

with crack propagation.

The average maximum tensile and minimum compressive stress, defined by

the total load predicted from the crack growth simulation divided by the

cross section area, are plotted in Figure II0 (lines) as a function of crack

length for the three strain ranges. The test results (symbols) are also

shown in this figure. The correlation seems to be good for all three test

conditions. The stress at the tensile peak decreases as the crack becomes

longer. This is caused by the increasing contribution of the specimen

compliance as the crack propagates under displacement control. The degree of

stress drop increased with the amount of plasticity associated. The minimum

compressive stress remains relatively constant because at the minimum load

the crack is totally closed and the specimen behaves like a uncracked

specimen. Notice also in this figure that the stress level at the peaks

varies from 75% to 185% of the yield stress (450 MPa) depending on the

control strain range and crack length.

The computed CMOD range (lines) was compared with the test results

(symbols) in Figure 111 for the three test conditions. The correlation was

again good for the lower strain range specimens, but the quality of the

correlation diminishes with increasing strain range.
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7.4.2. Crack Closure Analysis

Crack closure analyses were performed for crack lengths of O.95mmand

2.54mmfor all three strain ranges. Figure 112 shows the crack surface
profiles for the load cases in the analysis of a 2.54mmlong crack cycled

with a 1.15% strain range. The surface profiles at the load cases 26, 27 and

28 are given at the most lower part of the figure, and they are not marked

separately because the crack is almost closed for these load cases. The

crack was still open at load case 25, which corresponds to the experimentally

detected point of crack closure. The first contact was seen at the mouth of

the crack in load case 26. This is an interesting observation because crack

closure in the experiments was monitored by the displacement at the crack

mouth (CMOD). In the analysis of other strain ranges, however, the crack

mouth and the near-crack-tip area were simultaneously in contact in the

loading step where the first contact appeared. The crack was closed in load

case 27 except at the point just behind the crack tip, while it was totally

closed in the crack growth simulation run. The near-crack-tip opening was,

however, extremely small. The crack was partially closed in load case 28 and

it was fully open in load case 29. The crack surface profile of load case 32,

the tensile peak, coincided precisely with that of load case 22 which was not

shown in the figure. Notice in the figure that the crack surface is slightly

wavy due to double node release in the crack growth simulation. The lower

peaks in the wave represent the nodes where the crack tip was positioned in

the crack growth simulation run. It does not seemthat these small ripples

affect the closing and opening stresses significantly, nor the irregularity

of contact pressure thus created distort the overall crack surface profile to

a meaningful extent.

The plastic zones at the tensile peak, the experimental closing and

opening points, and the compressive peak are presented in Figure 113 for the

intermediate strain range. Notice that the plastic zone at the closing point

is significant while it disappeared at the opening point. This indicates

that a considerable reverse plastic deformation occurs around the crack tip

before the crack starts to close in the reverse loading, however the stresses
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Figure 112: Predicted Variation of Crack Surface Opening During a
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at the compressive peak are much relieved at the opening point. Notice also

that the plastic zone is stretched over the crack surface at the compressive

peak, meaning that the crack surface is undergone reverse plastic deformation

due to contact pressure. For the 1.7% strain range, the plastic zone covered

much of the area of the specimen for the four points shown in Figure 113, but

to somewhat less extent for the opening point. For the case of 0.5% strain

range, the plastic zone at the compressive peak was much smaller than that of

the tensile peak and was oriented slightly backward from the crack tip. The

plastic zones disappeared at the closing and opening points. The reverse

plastic zone on the crack surface at the compressive peak was neither

identifiable. It is also noted that the plastic zones at load cases 22 and

32 were virtually identical for all three strain ranges (compare load case 22

in Figure 109 with load case 32 in Figure I13).

The average stress versus CMOD hysteresis loops for the three specimens

are shown in Figures 114, 115 and 116. The experimental CMOD data were

shifted such that the minimum CMOD measurement and predicted value were equal

to compensate the drift of the CMOD measurements as described previously.

The stress-CMOD hysteresis loops predicted with the finite element method

agree closely with the experimentally measured loops despite various

simplifications in the analysis. One can observe the following from the

figures:

The area of the average stress - CMOD hysteresis loop increases

as the loading becomes more nonlinear which occurs with

increasing displacement ranges and increasing crack length.

The displacements at the crack closing and opening points are

nearly identical for a given hysteresis loop.
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The closing stress and the opening stress are compressive for all

loading conditions evaluated. The closing stress and the opening

stress are approximately equal for the smallest strain range (but

the load is still much higher than the load in Newman(50)). As

the level of net section plasticity increases, both the closing

and opening stresses become more compressive and, within a given

hysteresis loop, the closing stress becomes more compressive than

the opening stress.

As the crack propagates, the closing and opening stresses become

less compressive. There were no significant changes in the

minimum compressive stress. As a result, the portion of the

hysteresis loop where the crack was closed became relatively

longer with increasing crack length.

The third observation agrees well with the results obtained by other

researchers(60, 61) for the case of high A(=® remote stresses.

The predicted values of stress and CMOD are nearly identical for load

cases 22 and 32 (before and after the multiple load case hysteresis cycle).

This provides some substantiation of reliability of numerical results

obtained by taking large load steps in the crack growth simulation.

The stress range between the crack opening point and the tensile peak

becomes larger as the displacement range increases. This implies that the

effect of crack closure on the crack growth rate becomes less significant

with increasing plasticity for A(=- loading.

The test data (Figure 66) show that the crack closure and opening loads

increase and converge as the crack propagates. Since the maximum load

decreases with increasing crack length in these strain control tests, the

range of load over which the crack is open decreases drastically as the crack

becomes longer. This results in decreasing the ratio of crack opening load

range to the total load range as the crack propagates.
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Comparisonof the predicted and observed hysteresis loops of the
stresses and displacements at the positions of the control and backface

extensometers was quite good. The only major discrepancy between the

experiment and analysis was the prediction of cusps at the closing and

opening points; while in the experimental data, the cusps were only slightly

visible in the control displacement loops, and virtually nonexistent in the

backface displacement loops. It is conjectured that the plane stress

assumption in the analysis is related to this deviation.

7.5. Computation of Path-lndependent Inteqrals

The four path-independent (P-I) integrals selected during the P-I

integral survey (Section 2.0) were computed by postprocessing the results of

finite element analyses for the three strain ranges. The results are

presented in the following sections.

7.5.1 Crack Growth Simulation

The paths of computation are shown in Figure 117. The paths were taken

away from the remote boundary to avoid possible effects of the assumed

boundary conditions. However, the most outer path was taken far enough such

that possible inaccuracies in the near-tip field due to neglecting the

singularities at the crack tip do not create significant errors in the values

of the P-I integrals. The left sides of the paths were taken along the front

edge of the specimen, so that the crack tip is always located inside of the

paths during propagation. The numerical results showed path-independence of

the integrals. The values of P-I integrals at different crack lengths are

tabulated in Tables 15, 16 and 17. The J* integral is plotted as a function

of crack length in Figure 118 as an example. The values of P-I integrals

were somewhat sensitive to the tolerance for plastic iteration used in the

finite element analyses, but the variation was not large enough to affect any

conclusions on the crack growth rate as a function of AJ x (Here, AJ x implies

the range of any of the four P-I integrals being considered). In the tables,

the ATp* and ATp integrals are for the intervals from the compressive peak to
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Figure 117: Integration Paths for Crack Growth Simulation Analysis.
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Table 15: P-I Integral Values at Different Crack

N4-31 (538",AE=_, 0.50% Strain Range)

Lengths of SEN Specimen

Crack

length

(mm)

Peak

(Tensile or J*

Compressive) (I.E-3

ATp*

MPa-m)

ATp

0.3175

0.6350

0.9525

1.2700

1.5875

1.905

2.2225

2.5400

T 1.13 1.06 1.13 1.21

T 2.54 2.54

C O. -0.04

T 3.96 4.02

C 0.1 -0.03

T 4.94 5.14

C O. -0.04

T 5.69 5.90

C -0.01 -0.05

T 6.35 6.68

C -0.03 -0.08

T 7.46 7.81

C -0.05 -0.10

T 7.96 8.42

C -0.08 -0.15

2.54

3.99

4.98

5.75

6.46

7.60

8.12

2.80

4.64

6.04

7.45

8.83

10.75

12.04
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Table 16: P-I Integral Values at

N4-3 (538°,A(:©, 1.15%

Different Crack Lengths

Strain Range)

of SEN Specimen

Crack

length

(mm)

Peak

(Tensile or

Compressive)

J* _ ATp*

(I.E-3 MPa-m)

ATp

0.3175 T 6.03 5.82 6.03 8.72

0.6350

0.9525

1.2700

T

C

T

C

T

C

]6.58 17.25

0.03 O.

25.48 26.71

0.05 0.03

31.96 33.92

-0.34 -0.63

16.24

25.27

32.30

14.01

22.70

30.33

1.5875

1.905

2.2225

T

C

T

C

T

C

38.62 40.67

-0.59 -1.27

41.10 43.40

-1.49 -2.46

44.12 46.32

-I.31 -2.53

39.07

42.49

45.47

37.60

43.22

46.31

2.5400 T

C

44.26 46.32

-I.03 -2.44

45.06 47.88
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Table 17: P-I Integral Values at Different Crack

N5-33 (538°,AE =_, 1.70% Strain Range)

Lengths of SEN Specimen

Crack

length

(mm)

Peak

(Tensile or

Compressive)

j_ ATp*

(I.E-3 MPa-m)

ATp

0.3175

0.6350

0.9525

1.2700

I.5875

1.905

2.2225

2.5400

T

T

C

T

C

T

C

T

C

27.50 22.68 27.50 57.43

_8.95

-I.05

48.86

-0.29

45.94

73.82

74.36

100.81

92.00 92.93 101.12

-3.12 -2.40

97.08 99.32 97.39

3.99 6.28

116.67

2.33

124.70

1.66

114.31

I08.85

130.67

144.08

158.44

174.45

175.31

166.83
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the next tensile peak. It is recognized that the increment of the strain

energy density in equations (2.7) and (2.8) assumes piecewise linear relation

between the stress and strain and therefore the computation of aTp* and ATp

must be made over a series of small load increments. In this respect, the

values of ATp* and ATp computed here are only approximate values. The

requirement of small loading steps may be a disadvantage of the ATp and ATp*

integrals compared with J* and _, because more loading steps for accurate

computation of Tp* and Tp usually mean more computational time.

Notice also that the J* and _ integrals are negligibly small at the

compressive peaks. These integrals increase with crack length at tensile

peaks but the rate of increase slows down as the crack grows deeper. This is

caused by the decreasing load at longer crack lengths in strain control

tests.

7.5.2 Crack Closure Analysis

The crack closure analysis was performed at two crack lengths for each

strain range case as mentioned earlier. The paths for 0.95 mm crack and 2.54

mm crack are shown in Figures 119 and 120. Examples of the variation of the

P-I integrals with integration paths are given in Figures 121 through 126 and

127 through 132 for 2.54 mm crack, smallest and largest strain range cases,

respectively. The equivalent distance from a crack tip means the average

distance from the crack tip to the nodes along the path. The numerical

results of the P-I integrals showed path-independence to the degree similar

to Figures 121 through 132 for most cases. In general, more disturbance in

the path-independence was found at higher strain ranges and at the longer

crack length where more plasticity effects are involved. The Tp* and Tp

integrals, which are the sums of the respective incremental integrals, varied

somewhat more with paths due to the cumulative effect of small variations of

ATp* and ATp with paths. The numerical values in the Figures 125, 126, 131

and 132 are relative to those at Load Case 21; i.e. the summation was made

from this point. Integration from the initial point of analysis is

unnecessary, because we will only need incremental values, perhaps from the
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opening stress to the tensile peak, in implementing these integrals in the

crack growth analysis. Notice also in these figures that Tp* and Tp at Load
Case 32 are different from the corresponding values at Load Case 22. Onemay

surmise that this deviation is due to the coarse loading steps in the cycle.

However, there exists no proof that the values of these integrals coincide

after a cycle even if small loading steps are taken. This must be clarified

for these integrals to be useful for practical applications. The increments

of Tp* and Tp from the lower peak to the upper peak were somewhatdifferent
between the crack growth simulation and closure analysis results. This
difference was up to 26%. The J* and _ integrals also showedchanges of up

to 10%when a cycle was completed; see Figures 121, 122, 127, and 128.

The variation of J* in a cycle is depicted in Figure 133. Notice that

the J* is very small at the point of crack closing, at the lower peak, and at

the crack opening point comparedwith the value at the upper peak. Notice
also that the J* takes its minimumin the unloading process from the upper

peak to the closing point. These two phenomenawere commonfor all four

integrals. The numerical data of the P-I integrals are summarized in Tables

18, 19 and 20. These numbersrepresent the P-I integrals along the largest
paths.

7.6. Prediction of Crack Growth with P-I inteqrals

As reviewed in Section 2.0, the path-independent integrals J*, _, aTp*

and aTp can be applied in the loading situations which include unloading,

nonproportional loading, nonuniform temperature and material inhomogeneities.

The differences of these integrals between any two loading points in a cycle

are also path-independent and can be, directly or indirectly, related to the

severity of crack tip deformation. The most meaningful range of these

integrals for crack growth prediction is from the opening stress to the

maximum stress. These ranges can be found from the crack closure analyses at

the two crack lengths for each of the three specimens. The crack growth data

at the crack lengths are found from the data in Section 6.0 by interpolation

in the manner the boundary conditions are determined. The total number of
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Table 18: Values of P-I

Specimen N4-31

Integrals from Crack Closure Analysis

(538°,A(:_, 0.50% Strain Range)

of SEN

Crack

length

(mm)

Load

case
J* _ ATp* ATp

(I.E-3 MPa-m)

0.95

2.54

7 3.88 4.04 3.90 4.55

8 0.30 0.30 -2.86 -3.07

9 -0.10 -0.13 -0.14 -0.41

10 -0.04 -0.06 0.06 O.

11 -0.04 -0.05 O. O.

12 O. -0.02 0.03 -0.03

13 O. -0.01 -0.01 0.05

14 O. -0.01 O. 0.03
15 -0.01 -0.02 -0.01 -0.02
16 1.08 1.13 1.13 1.29
17 3.96 4.13 2.40 2.84

22

23

24

25

26

27

28

29

3O

31

32

7.87 8.34 8.08 12.00

-0.31 -0.38 -6.25 -7.56

-0.35 -0.41 0.93 -I.08

-0.21 -0.26 0.18 0.07

-0.13 -0.18 0.06 0.12

-0.09 -0.I0 0.05 -0.06
-0.16 -0.20 -0.08 0.06
-0.11 -0.14 0.06 -0.04

-0.14 -0.16 -0.05 -0.03

2.32 2.48 2.52 3.65

8.50 9.00 5.26 7.66
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Table 19: Values of P-I

Specimen N4-3

Integrals from Crack Closure Analysis

(538",AE=®, 1.15% Strain Range)

of SEN

Crack

length

(mm)

Load

case

J* _ ATp* ATp

(1.E-3 MPa-m)

0.95

2.54

7 25

8 -6

9 -2

10 -0

11 -0

12 -0

13 0

14 -0

15 -0

16 11

17 26

22 44

23 -18

24 -9

25 -3

26 -0

27 -0

28 -0

29 -0

30 0

31 21

32 46

.01 26.66 25.03 22.58

.21 -6.43 -19.58 -17.55

.64 -2.82 4.66 3.38

.88 -0.10 1.65 2.39

.84 -I.01 0.05 0.09

.04 -0.31 1.00 3.47

.19 0.09 0.15 -3.11

.02 -0.11 -0.18 -0.51

.19 -0.19 -0.06 -I.94

.41 12.19 11.33 8.87

.95 28.63 14.14 18.93

.03 46.22 45.45 48.27

.60 -20.33 -40.77 -30.26

.17 -10.17 9.26 -0.11

.11 -3.67 5.32 5.81

.82 -1.21 2.21 3.77

.37 -1.15 0.55 7.54

.63 -1.07 -0.29 -5.55

.30 -0.62 0.31 -1.30

.84 0.75 1.42 -0.20

.17 22.29 19.98 23.78

.69 49.30 24.45 38.55
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Table 20:
Values of P-I Integrals from Crack Closure Analysis

Specimen N5-33 (538",A_=m, 1.70% Strain Range)

of SEN

Crack

length

(mm)

Load J* _ aTp* ATp

case

(1.E-3 MPa-m)

0.95

2,54

7 73.01 76.59 73.07 129.93

8 -19.86 -21.26 -59.95 -126.73

9 -3.46 -4.47 16.79 6.99

10 -0.20 -1.37 5.79 9.53
11 -0.12 -1.21 0.11 -0.69
12 -0.07 -I.14 0.11 -0.69
13 -0.I0 -1.06 -0.22 6.09
14 -0.03 -0.96 -0.07 0.36
15 0.12 -0.48 -0.44 5.45
16 33.01 34.50 32.37 55.29

17 69.02 72.00 33.54 45.06

22 115.57 124.40 113.59 166.11

23 -44.05 -45.41 -I02.96 -128.95

24 -I.84 -1.52 43.73 22.47

25 1.28 2.92 12.27 27.51

26 4.93 5.63 2.47 2.65

27 5.17 5.61 0.62 2.25

28 4.85 5.28 -0.28 3.78

29 2.57 3.74 -1.45 0.25

30 4.74 5.52 2.22 7.10

31 31.78 41.26 25.83 79.90

32 109.23 117.09 63.22 88.89
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data points on a da/dN versus AJx plot thus obtained is only six. Notice

that the values of the P-I integrals in consideration are very small at the

closing stress, at the minimum stress and at the opening stress. Therefore,

we can use the difference of the P-I integrals between the maximum stress and

the minimum stress as approximate values of the differences between the

maximum stress and the opening stress. Since the former values are available

from the crack growth simulation at a number of crack lengths for each

specimen, we will rather use these data instead of the results obtained in

the crack closure analysis. It is recognized that there exist some

differences between the data obtained in the two analyses. However, these

differences do not shift the data points on a log-log plot of da/dN vs. AJx

to a significant extent.

The da/dN versus AJx plots are shown in Figures 134, 135, 136 and 137.

It is seen that all these P-I integrals are good parameters for predicting

crack growth rates for the cases considered. From the Figures 134 through

137 we can write

da/dN : C (AJx) n (7.9)

The coefficient C and the exponent n were calculated using a regression

analysis. They are shown in Table 21.

7.7. Discussion

The numerical analysis of crack growth in the highly nonlinear loading

regime at high temperatures is not an easy task to carry out because of the

computational cost. It was attempted in this report to investigate a

somewhat simplified, yet reasonably accurate, approach in conjunction with an

experimental program to provide a data base and to validate the numerical

results. The simplifications include taking peak-to-peak loading steps and

releasing more than one node at a time in crack growth simulation. This

approach yielded satisfactory results for the loading conditions considered.

A salient feature of the current approach is that the crack closure analysis
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Table 21: Crack Growth Rate Constants for Path-lndependent Integrals

da/dN = C (AJx)n

P-I Integral C n

AJ 2.913 1.490

A_ 2.681 1.486

ATp 2.876 i.489

aTp 1.213 1.353
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can be performed at any crack lengths by restarting the crack growth

simulation run without going through all the cycles by small load increments.

The essential feature in the crack growth analysis is to correctly model the

crack closing and opening behavior. The method used in this paper proved to

be effective in this respect.

The computation of P-I integrals did not pose any particular problem.

The computed results of P-I integrals indicated path-independence to

acceptable degrees. It must also be stated that, unlike in the J-integral

computation, the near field results of a finite element analysis must also

carry reasonable accuracy for accurate computation of the area integrals in

these P-I integrals. This implies that the finite element mesh must be

sufficiently fine inside the integration contour. This is a disadvantage of

the new P-I integrals involving area integrals from the computational

viewpoint.

The P-I integrals J*, _, ATp* and ATp proved to be useful crack growth

parameters under cyclic loading for the isothermal cases considered herein.

The difference of these quantities between the tensile peak and the opening

stress point correlated the da/dN data quite well. In view of the consistent

trends of the tests results at other temperatures, it is expected that these

parameters are viable for all isothermal conditions. However, there is no

guarantee that these parameters will be successful in more complicated

situations. Effort must continue to validate these parameters for different

loading conditions, different temperature conditions and other geometries.

Another point which must be noted is that the four P-I integrals almost

vanished at the crack closure, crack opening points and at the compressive

peak. Consequently, the significance of the crack closing and opening in the

crack growth can not be identified for the given loading conditions, since the

increments of these integrals from the above three points to the tensile peak

are almost identical. Further studies involving mean strain or stress would

be necessary to resolve this matter.
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In summary, the results obtained in this study, although limited,

provide encouragement and motivation to further pursue far-field-based

approaches for crack growth prediction under cyclic loading in the highly

nonlinear regime.
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8.0 CRACK PROPAGATION WITH THERMAL GRADIENT

This section of the report will describe the results and the analysis

of the tests performed with a temperature gradient across the width of the

buttonhead single edge notch (SEN) specimen. Both monotonic and cyclic tests

were performed. The monotonic tests were analyzed using finite element

analysis to confirm the linear variation of mechanical strain across the

width of the SEN specimen gage length.

8.1 Test Matrix

The experimental techniques used to establish and perform the

temperature gradient was described in Section 5.0 and will be summarized

here. A temperature gradient from 482 to 649°C (900 to 1200"F) was developed

across the width of the SEN specimen (Figure 70) where the crack grew toward

the lower temperature. The specimens were tested using the same triple

extensometer and data acquisition techniques used for the isothermal tests.

A total of seven SEN specimens were successfully tested with a thermal

gradient across the gage section. Duplicate tests were performed under

monotonic loading. The remainder of the tests were cycled with zero mean

strain (Ac = _). Duplicate cyclic crack growth tests were performed with

strain ranges of 1.15 and 1.70% and a single test was conducted with a strain

range of 0.50%.

8.2 Monotonic Tests and Finite Element Analysis

The monotonic tests were performed on specimens which had been

precracked to have crack lengths of 1.39 and 1.49 mm (0.0547 and 0.0588

inch). The experimental results will be shown when they are compared to the

finite element analyses.
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The temperature distribution along the specimenwidth was nonlinear but

for the purpose of the finite element analysis was approximated by three

linear segments. The temperature was treated to be 649°C (1200°F) for a

distance of 4.45 mm(0.175 inch) away from the edge of the specimen
containing the EDMnotch. The multilinear temperature distribution then

linearly drops to 566°C (I050"F) in the next 3.56 mm(0.14 inch) of the width
and, finally, decreases linearly to 482°C (gOO°F)at the back face of the

specimen. This trilinear approximation is shownin Figure 138 along with the

experimentally measured temperatures previously shownin Figure 70.

Finite element analyses were performed for a crack length of |.43mm
(0.0563 inch) and the trilinear temperature distribution to determine the

nature and magnitude of the stress distribution induced from the temperature
gradient. This crack length is close to that in the two monotonic thermal

gradient tests and corresponds to a node point in the finite element mesh.

The initial analysis was performed for the pure thermal gradient load
case (zero applied load/deflection) and resulted in non-linear variations of

stress and displacement. Figure 139 shows the variation of the normal stress

variation ahead of the crack tip resulting from the thermal loading. The

normal stress has a value of 152 MPa(22 ksi) near the crack tip and it drops

sharply to -6g MPa(-10 ksi) at a distance of 4.45 mm(0.175 inch) from the

notched edge of the specimen. The stress then gradually increases to 103 MPa

(15 ksi) at the back face of the specimen. The positions which correspond to

the endpoints of the linear temperature segments also have sharp changes in
the normal stress distribution. This normal thermal stress is

self-equilibrating in nature since there is no mechanical load applied.

The monotonic temperature gradient tests were analyzed by superimposing

the non-linear thermal displacements at the end of the SEN gage section as

determined in the pure thermal gradient (zero applied load/deflection) finite

element analysis and a linear mechanical contribution inferred from the

displacements measured by the control and back face extensometers. These

analyses were performed using the same techniques described in Section 7.0
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for the isothermal crack growth tests. It was assumed that the crack was

stationary and the gap elements were not activated because the loading was

not reversed.

The variation of the back face deflection with the mid-width

displacement measured by the controlling extensometer are shown in Figure

140. The small "x" symbols show the experimental data from the two tests

specimens. These data were used to establish the linear mechanical

displacement boundary conditions at the end of the gage section finite

element model. The large triangles in this figure show the four displacement

values used in the finite element analysis. Figures 141 and 142 compare the

experimentally determined and analytically predicted values of gross section

stress (load / specimen area) and crack mouth opening displacement (CMOD),

respectively, as a function of the control displacement. As shown, the

predictions are in excellent agreement with the measurements. These results

show that the superposition of the non-linear thermal and linear mechanical

displacement variation across the specimen can be used to accurately describe

the response of this specimen under temperature gradient conditions.

8.3 Cyclic Temperature Gradient Tests

The result of the cyclic temperature gradient tests are summarized in

Table 22. The terms used to describe the crack morphology are the same ones

used for the isothermal crack growth tests in Section 6.0. All the cracks

grew normal to the axis of the specimen except for those at the highest

strain range. The flat morphology was expected for these tests because the

temperature at the crack tip for the early part of the test was 649°C

(1200°F). The isothermal tests at this temperature had a flat morphology up

to the strain level where specimen buckling occurred (Table 14). Buckling

occurred in the 649°C isothermal tests with a strain range of 1.70% while at

the same strain range, shear cracks grew in the temperature gradient tests.

The behavior in the temperature gradient tests may have been induced by the

lower temperature in the uncracked ligament. Decreasing the test temperature

in the isothermal tests reduced the strain range where shear crack growth was
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Table 22: Summary of Temperature Gradient Crack Propagation Tests

Specimen Strain Crack

Number Range(%) Morphology

N5-5 O. 50 flat

N5-5 1.15 flat

N5-30 1.15 flat

N4-35 1.70 shear

N4-39 1.70 shear
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observed. The lower temperature mayhave also helped to eliminate buckling

for the ].70% strain range because the lower temperature would result in

higher flow stresses in the remaining ligament.

The data from the temperature gradient crack growth tests were analyzed

using linear elastic fracture mechanics. The measuredcrack growth rates are

plotted in Figure 143 as a function of Kmax similar to that done for the
isothermal crack growth tests. The influence of strain range is a very

interesting observation because the 649°C isothermal tests and the in-phase

TMFtests, where the maximumstress occurred at 649°C, did not show a

significant influence of strain range for a given value of Kmax. This

suggests that the low temperature portion of the specimenwhich is remote

from the crack tip early in the test can have a significant effect on the
crack growth behavior. The implication of this result is that it would be

difficult to identify an operational definition of a relative simple

parameter like K or J which can accurately predict crack growth through an

arbitrary temperature gradient.
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9.0 RESULTS OF VERIFICATION EXPERIMENTS

This section of the report describes the experimental results of the

verification tests performed during this program. Two type of tests were

conducted - thermal mechanical fatigue (TMF) tests using the buttonhead

single edge notch (SEN) specimen and isothermal displacement controlled tests

with a modified compact geometry. The results of these tests will be

described separately.

9.1TMF Experiments

The TMF tests were performed in the GEAE EMTL Testing Laboratory using

the same triple extensometer and data acquisition technique used for the

isothermal SEN tests. The technique used to perform TMF cycling was

described in a previous section of this report. For strain ranges less than

1.15%, the specimens were precracked prior to starting the TMF cycling while

the cracks in the higher strain range tests were grown from the EDM notch.

9.1.1TMF Test Matrix

The test matrix for the TMF tests is described in Table 23. The TMF

tests were performed over two temperature ranges: 427 to 649°C (800 to

1200°F) and 538 to 649°C (1000 to 1200°F). These temperature ranges were

selected because they cover the range of temperatures where isothermal

experiments were performed and because there was a larger change in the

cyclic stress-strain response at the higher temperatures. The variation of

temperature and mechanical strain with time had a triangular wave shape

having a period of 100 seconds (0.01Hz cycling). The thermo-mechanical

cycling was performed using both in-phase (maximum strain at maximum

temperature) and out-of-phase (maximum strain at minimum temperature)

cycling. Examples of in-phase and out-of-phase cycles are illustrated in

Figure 144 for the higher temperature range TMF tests. The mechanical strain

was cycled at zero mean strain (A(=©). The strain ranges reported in Table

23 and throughout this section are only the mechanical portion of the strain.
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TABLE 23: TMF Crack Propagation Test Matrix

Temperature

('c)

Temperature

('F)

Mechanical

Strain Range(%) Phase

427-649

427-649

427-649

427-649

427-649

427-649

800-1200 0.50

800-1200 1.15

800-1200 1.70

800-1200 0.50

800-1200 1.15

800-1200 1.70

In Phase

In Phase

In Phase

Out Phase

Out Phase

Out Phase

538-649

538-649

538-649

538-649

538-649

538-649

1000-1200 0.50

1000-1200 1.15

1000-1200 1.40

1000-1200 0.50

1000-1200 1.15

1000-1200 1.40

In Phase

In Phase

In Phase

Out Phase

Out Phase

Out Phase
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The strain ranges listed in Table 23 were selected from the isothermal test

results in an attempt to avoid specimen buckling.

9.1.2 Crack Morphology

Table 24 summarizes the results of the TMF crack growth tests. The

crack morphology notation used in this table is the same as that previously

used to describe the crack morphology in the isothermal SEN tests. The

cracking mode in the TMF tests followed the general trends established from

the isothermal tests. The in-phase tests (maximum stress at 649°C) did not

experience any shear crack growth up to the strain levels where buckling

occurred. This was the same experience observed for the isothermal 649°C

tests (Table 14). The out-of-phase tests experience shear crack growth at

the higher strain levels. The strain level required to induce shear crack

growth was lower in the 427 to 649°C temperature range tests than in the 538

to 649°C temperature range tests. Out-of-phase TMF tests have the maximum

stress occurring at the minimum temperature. The TMF shear crack behavior

for the two temperature ranges was similar to that observed in the isothermal

tests where decreasing test temperature decreased the strain levels required

to induce shear crack growth.

9.1.3 Fracture Mechanics Analysis

The crack growth data from the TMF tests has been analyzed using linear

elastic fracture mechanics. The crack growth rate data are presented as a

function of Kma x based on the analysis of the isothermal test data.

Figure 145 shows the results from the 427 to 64g°c in-phase TMF crack

growth rate tests. Comparison of the two 0.50% strain range tests indicates

that there is substantially more scatter in TMF tests than in isothermal

ones; however, this may be an artifact of the test. The precrack lengths in

these two tests were substantially different (0.57 and 0.93 mm) which may, in

part, be responsible for the lack of agreement. The test which starts at a

lower value of Kma x or has the higher apparent crack growth rate had the
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Specimen

Number

Table 24: Summary of TMF Crack

Temperature

Range (°C) Phase

Propagation Tests

Strain

Range(%)

Crack

Morphology

N4-2

N5-43

N4-18

N5-29

N5-45

N5-20

N4-32

N5-13

N5-21

N4-24

N4-41

N5-25

N5-36

N4-13

N5-32

N4-29

N5-40

N4-43

N5-2

N4-36

N5-9

N4-7

N5-41

N5-3

N5-24

427-649

427-649

427-649

427-649

427-649

427-649

427-649

427-649

427-649

427-649

427-649

427-649

427-649

538-649

538-649

538-649

538-649

538-649

538-649

538-649

538-649

538-649

538-649

538-649

538-649

n

n

n

in

In

in

in

in

out

out

out

out

out

n

n

in

in

in

In

out

out

out

out

out

out

0.50

0.50

1.15

1.15

1.15

I.50

1.70

I.70

0.60

0.70

1.15

1.15

1.70

0.75

0.75

1.15

1.15

I.30

1.40

0.75

0.75

1.15

1.15

1.30

I.30

flat

flat

flat

flat

flat

buckled

buckled

buckled

flat

shear

shear

shear

buckled

flat

flat

flat

flat

flat

buckled

flat

flat

shear

flat

shear

shear
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smaller precrack. The best comparison of the test data will be between the

short precrack specimen with 0.50% strain range and the higher strain range

tests. These results indicate that there is very little influence of strain

range on the crack growth rates. This was expected because at 649°C, the

temperature at the highest stress in this TMF cycle, a similar conclusion was

reached for the isothermal tests (Figure 84).

The results for the out-of-phase 427 to 649°C TMF tests were quite

different as shown in Figure 146. In this case increasing the strain range

from 0.60 to 1.15% increased the crack growth rates by an order of magnitude.

The temperature at the maximum stress for this cycle was 427°C. The

isothermal tests at this temperature showed a similar acceleration of crack

growth rates with strain range.

The crack growth data from the lower temperature range (538 to 649°C)

in-phase and out-of-phase TMF tests are shown in Figures 147 and 148,

respectively. As with the higher temperature range tests, the data from the

in-phase tests have a much lower strain range sensitivity than the

out-of-phase tests. One of the 0.75% strain range tests shown in Figure 147

has an apparent low crack growth rate. The crack in this specimen was grown

to a longer crack length and these data were obtained at long crack lengths

after the crack growth rate had passed through its maxima. Comparison of the

data from the out-of-phase TMF tests shows that there is a smaller effect of

strain range in the lower temperature range tests (Figure 148) than for tests

with the higher temperature range (Figure 146). This most likely results

from the higher temperature (538 vs. 427°C) at maximum stress in the lower

temperature range tests. The isothermal test data showed less influence of

strain range with increasing temperature.

9.2 Compact Specimen Results

The modified compact specimen tests were performed in the GEAE EMTL

Testing Laboratory using the triple extensometer and data acquisition

technique described in Section 5.0. All the compact specimens tests were
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performed isothermally in strain or displacement control with a mean strain

of zero (AE=©) and a frequency of 0.01Hz (100 second cycle). Difficulties

were encountered in performing tests above 538°C (1000°F) because the Morse

bearing did not freely rotate at the elevated temperatures. A total of seven

tests were performed at 427 and 538°C. The strain ranges were selected to

provide maximum loads values which resulted in the range of Kma x values

obtained during the isothermal SEN tests. The specimens were precracked at

room temperature and 10 Hz prior to start of the elevated temperature

displacement control test. The large plan size of the modified compact

specimen resulted in a much smaller change in crack growth rate for a given

number of cycles relative to the SEN specimen. Each specimen was cycled for

approximately one day at elevated temperature prior to stopping the test and

breaking the specimen.

9.2.1 Modified Compact Displacement Results

The modified compact specimen was used in this investigation to compare

the behavior of cracks under tension and bending fields. The modified

compact specimen tests were performed to examine more extreme bending fields.

As shown in Sections 4 and 5 there was bending present in the SEN specimens,

but the maximum displacements at both the front and back faces of the

specimen occurred at the maximum load. As expected this was not the case for

the modified compact specimen. Figure 149 shows the three load-displacement

records measured in compact Specimen N3-16. This test was performed at 538°C

with a strain range of 2.4%. When these hysteresis loops were taken, The

crack length was approximately 18.5 mm (0.72 inch). At the point of maximum

load, both the control and CMOD extensometers were at their maximum value of

displacement. The displacement at the back face of the specimen at maximum

load was the smallest value measured during a cycle. This clearly

illustrates than the modified compact geometry has a much higher degree of

bending that the SEN specimen. The load-displacement trends shown in Figure

149 are typical for all the modified compact specimens tested in this

investigation.
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9.2.2 Fracture Mechanics Analysis

The analysis of the modified compact specimens was performed in a

fashion similar to the analysis of the isothermal SEN data except that the

K-solution described in Section 5.8 for this specimen geometry was used. The

cracks in these specimens grew a distance of less than 1.25 mm (0.05 inch).

Over this range in crack lengths there was a relatively small change in Kma x.

Therefore the results of each specimen are characterized by a single value of

Kma x and crack growth rate (da/dN). The value of Kma x is calculated from the

average of Kma x during each test. The reported values of da/dN are the

increment of crack growth during the test divided by the number of cycles.

These results are listed in Table 25.

These results are compared with the results from the 427 and 538°C

isothermal SEN tests in Figures 150 and 151, respectively. The modified

compact specimen results are shown as large triangles. The open triangles

are from the compact specimen tests with crack lengths of approximately 18 mm

while the closed triangles represent the data from the longer crack length

(approximately 30 mm) tests. In both cases the small crack length test

results correlated closely with the results of the 0.50% strain range SEN

tests which experience nearly elastic cycling. The longer crack length

compact specimen data was significantly higher.

It is not possible to determine the causes of this shift in crack growth

data until a more complete analysis of the modified compact specimen geometry

has been completed.
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I0.0 DISCUSSION AND CONCLUSIONS

The results of the current program strongly suggest that significant

progress has been made in the development of nonlinear fracture mechanics for

application to problems of importance to hot section components of gas

turbine engines. This conclusion is based on a through analytical and

experimental evaluation of crack growth in the developmental activities such

as thermo-mechanical fatigue and thermal gradients. This conclusion is based

on the detailed work of this program including the following major

considerations:

I . A substantial effort was made to develop and verify an experimental

and analytical understanding of a buttonhead single edge notch (SEN)

specimen. This work featured 3D and 2D finite element analyses of

multiple extensometer experiments. This specimen is ideally suited

for such studies and it is recommended for future work.

. A detailed review of nonlinear fracture mechanics P-I integrals was

performed. Based on the results of the review, several proposed P-I

integrals were selected for detailed evaluation. Theoretically, the

selected P-I integrals maintain path-independence for nonproportional

loading, unloading after plastic deformation, temperature gradients,

and material inhomogeneities. A finite element post-processor was

developed for calculating the values of these integrals based on

finite element analysis results. Numerical calculations of the

proposed P-I integrals were made through finite element analyses

which included thermal gradients and reversed cyclic plasticity. The

numerical results showed path-independence of these integrals.
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An extensive experimental study of the crack growth behavior of Alloy

718 was performed which featured elaborate measurements for boundary

condition and closure determination. The experiments were conducted

using displacement control and two other extensometers were employed

to provide the correlative information. The crack growth was

monitored using electric potential drop techniques. The test

variables included elastic and plastic strain ranges, temperature,

thermo-mechanical fatigue, and thermal gradients. The experimental

crack growth rates were correlated using linear elastic fracture

mechanics (LEFM) parameters AK and Kma x. Neither parameter

correlated data because the higher strain range tests were outside

the small scale yielding regime.

Detailed elastic-plastic finite element analyses were conducted to

simulate the crack growth and crack closure at 538°C. The results

demonstrated excellent correlation with the experimentally measured

closure and opening behavior and showed good agreement with the

measured nonlinear load-displacement loops. Based on the excellent

agreement, the P-I integral calculations could be made with

confidence. The selected P-I integrals all performed well in

correlating the effect of nonlinear straining on crack growth. The

correlation demonstrated the usefulness of these methods in the

regime beyond small-scale yielding.

The results of the experiments at other temperatures, by in large,

agreed with the results at 538"C. In general, as temperature

increased the effect of nonlinear strain on increasing crack growth

rates appeared to decrease. The thermo-mechanical test results

tended to agree with the isothermal data at the maximum stress level.

Further work is required to demonstrate that the P-I integrals could

successfully correlate these TMF data. Similarly, more evaluations

should be made of the thermal gradient test data.

,,.w
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The effect of mean strain on crack growth was as expected. The

detailed finite element analyses of the 538°C data, while

demonstrating correlation with crack closure, did not address the

importance of closure in correlating crack growth data. More work in

this regard, perhaps involving the mean strain data, should be

performed. The most difficult computational aspect of the current

work involved the consideration of closure effects through the

build-up of the plastic wake. If this effect could be modeled in

simplified ways, the computational complexities would be greatly

relieved.

For further verifications of the current results, it would be

beneficial to analyze the compact tension specimen test data, also

generated in this program. This work would demonstrate the geometry

sensitivity of the nonlinear methods.

To be readily usable, the proposed P-I integral methods should become

easier to determine numerically (for example, in a handbook).

Additionally, it would be desirable if the P-I integrals had better

physical bases.
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